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ABSTRACT 

Fluorescent in situ hybridisation (FISH) using 35S and 5S rDNA probes was conducted 

to characterise cytogenetically representatives of Artemisia belonging to subgenus 

Dracunculus and allied species, as well as to explore their evolution following 

polyploidisation. At the diploid level two rDNA loci were observed in most species 

belonging to the A. dracunculus complex, a pattern considered to be the ancestral state 

for diploid Artemisia. In contrast, representative species sampled of the Eurasian grade 

which belong to the other major lineage of the subgenus had more heterogeneous rDNA 

profiles, with three to five loci at the diploid level. Divergent patterns of loci evolution 

were also detected in polyploids, with the number and distribution of rDNA loci broadly 

fitting the two main diversification lineages in the subgenus. Within the polyploid 

complex of A. dracunculus, the increase in number of rDNA loci was almost 

proportional to ploidy level, although monoploid genome size was shown to decrease 

with increasing ploidy level. However, in polyploids from the Eurasian grade we found 

a remarkable reduction in the number of rDNA sites suggesting that these species might 

have experienced either a complete loss of loci or a significant reduction in the number 

of repeats following polyploid formation. 

 

Key words: 18S-5.8S-26S, Anthemideae, fluorescent in situ hybridisation, genome 

size, polyploidy, rDNA. 

 

 

 

 

 

This is an Accepted Manuscript of an article published in Botanical Journal of the Linnean Society on 24 January 2013, available online: 
http://dx.doi.org/10.1111/boj.12001



            

 3

INTRODUCTION 

The subgenus Dracunculus (Besser) Rydb. of Artemisia L. (Asteraceae Martynov) 

comprises between 60 and 80 taxa at the specific and subspecific levels, depending on 

the authors consulted (Poljakov, 1961; Ling, Humphries & Gilbert, 2011; Pellicer et al., 

2011). It is considered to be one of the earliest diverging subgenera of Artemisia, and is 

broadly divided into two major lineages: (i) the A. dracunculus complex, which is 

considered to have arisen c. 12 Mya and (ii) the Eurasian grade which evolved more 

recently (c. 2-3 Mya) and accounts for most of the diversity of the subgenus (Tkach et 

al., 2008b; Sanz et al., 2011). Currently, the subgenus Dracunculus is distributed across 

the Northern Hemisphere, mainly occurring in the arid and semi-arid zones from Europe 

to Asia, but also reaching North America. It is mostly composed of perennial herbs, but 

several representatives are considered to be shrubs or subshrubs due to their evident 

woodiness. Although perennials constitute the prevalent biotype in the group, a few 

annual species have also been described (e.g. A. edgeworthii Balakr., A. scoparia 

Waldst. & Kit.). 

A variety of important taxa with known economic value belong to this subgenus, 

such as the type species A. dracunculus L. (tarragon), whose aromatic leaves are used in 

cooking worldwide. Other species have been used in folk medicine (A. capillaris 

Thunb., A. ordosica Krasch.), and for example, the woody canopies of 

A. sphaerocephala Krasch. and A. wudanica Liou & W. Wang are traditionally used in 

Asia to make windbreaks and to stabilize sandy soils. Given its importance, the 

subgenus has received considerable interest and has been extensively studied from 

many points of view (reviewed by Vallès & Garnatje, 2005; Pellicer, Garnatje & Vallès, 

2011). 
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Since the early studies of Kornkven, Watson & Estes (1998, 1999), Torrell et al. 

(1999) and McArthur et al. (1998), the phylogenetic relationships of Artemisia and the 

subtribe Artemisiinae Less. have been frequently revisited (Watson et al., 2002; Vallès 

et al., 2003; Sanz et al., 2008; Tkach et al., 2008a; Garcia et al., 2011; Riggins & 

Seigler, 2012). Recently, Pellicer et al. (2011) proposed a new delineation of subgenus 

Dracunculus which excluded some North American endemics sensu Shultz (2009) such 

as A. filifolia Torr., A. pedatifida Nutt. and A. spinescens D.C. Eaton. This study 

confirmed the findings of Garcia et al. (2011), who showed that these species were 

clearly embedded within the clade defining subgenus Tridentatae (Rydb.) McArthur 

emend. S. Garcia, Garnatje, McArthur, Pellicer, S.C. Sand. & Vallès-Xirau and allies. 

In addition, the fact that the genera Mausolea Bunge ex Poljakov, Neopallasia Poljakov 

and Turaniphytum Poljakov fell within subgenus Dracunculus led Pellicer et al. (2011) 

to propose their reinclusion within the genus Artemisia. 

 From a karyological point of view, the main basic chromosome numbers of 

subgenus Dracunculus have been shown to be x = 8 and x = 9. Nevertheless, so far only 

A. scoparia has been found to be based on x = 8, with the remaining species being x = 9-

based. This is in agreement with the general trend in Artemisia, where x = 9 is the most 

frequent base number (e.g. Kawatani & Ohno, 1964; Vallès & Siljak-Yakovlev, 1997).  

 Polyploidy in the genus is a recurrent phenomenon accounting for much of its 

diversity. It has been demonstrated that episodes of polyploidy are relatively frequent in 

angiosperms, and this process is considered to have played a prominent role in driving 

the evolution of most extant angiosperms since their origin (Cui et al., 2006; Leitch & 

Leitch, 2008; Soltis et al., 2009). Indeed, recent data suggest there may have been  

whole-genome duplications prior to the diversification of all seed plants (Jiao et al., 

2011). The genus Artemisia is not an exception, with a high incidence of polyploid taxa 
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reported and with ploidy levels reaching up to 16x (Pellicer et al., 2007b and references 

therein). Within subgenus Dracunculus, several polyploid series have also been found, 

reaching 10x in A. dracunculus (Ehrendorfer, 1964; Persson, 1974; Malakhova, 1990; 

Oliva & Vallès, 1994; Pellicer et al., 2007a).  

Polyploidy is often accompanied by further genomic rearrangements which have 

an impact, not only on genome size, but also in the number, size and distribution of 

repetitive DNA loci in the chromosomes. One way to determine where exactly such 

chromosome rearrangements occur is to map the physical locations of specific DNA 

sequences using fluorescent in situ hybridisation (FISH). DNA sequences encoding the 

35S (18S-5.8S-26S) and 5S ribosomal RNA genes are arranged into tandem repeats on 

one or several pairs of chromosomes, providing essential information about their 

genomic organization which is useful for understanding the systematic and evolutionary 

relationships between groups of related species (e.g. Weiss-Schneeweiss et al., 2007; 

Rosato, Castro & Rosselló, 2008; Pellicer et al., 2010). Previous studies in Artemisia 

have mostly focused on species belonging to subgenera Artemisia, Seriphidium Besser 

and Tridentatae, and these have shed light on the mechanisms at the chromosome and 

whole genome levels that have given rise to the extensive diversity in rDNA 

organization found in the genus (Torrell et al., 2003; Garcia et al., 2007, 2009a). 

Nevertheless, such data for species in subgenus Dracunculus are very scarce (Torrell et 

al., 2001; Hoshi, Matoba & Kondo, 2006), and almost absent for the extensive 

polyploid series that are encountered here. 

Within the framework of systematic and evolutionary studies in Artemisia, the 

present work has used FISH to determine the organization of 35S and 5S rDNA on the 

chromosomes of 11 species (15 populations) belonging to subgenus Dracunculus, and 

three related taxa. The specific aims of this research were: i) to characterise the 
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distribution patterns of 35S and 5S rDNA in the subgenus Dracunculus, ii) to study the 

evolution of ribosomal DNA loci following polyploidy, and iii) to assess correlations, if 

any, between high-level taxonomic relationships, cytogenetic traits and genome size. 

 

MATERIAL AND METHODS 

PLANT MATERIAL 

 Actively growing root tips of a range of species selected across the subgenus were 

obtained from achenes germinating on wet paper in Petri dishes, and subsequently pre-

treated in 0.002 M 8-hydroxyquinoline solution at room temperature for 2.5 h. After this 

first step, root tips were fixed in absolute ethanol: glacial acetic acid (3:1) for 24 h at 

4ºC and then transferred to 70% ethanol. Information about the populations studied, 

vouchers (deposited in the herbarium BCN, Centre de Documentació de Biodiversitat 

Vegetal, Universitat de Barcelona) and collectors are listed in the supplementary 

appendix 1.  

 

CHROMOSOME PROTOPLAST PREPARATION  

Root tips were washed in distilled water for 10 min and prepared following the method 

described in Leitch & Heslop-Harrison (1993) with minor modifications. They were 

macerated in 0.5 ml tubes containing 200 μl of an enzymatic solution [3% cellulase 

Onozuka-RS (Yakult Honsha) and 0.5% pectolyase Y-23 (Kikkoman)] for 40-50 min at 

37ºC and then rinsed in distilled water for 5 min. Digested tips were carefully placed on 

a clean slide, crushed into a drop of fixative, air-dried and subsequently stained with 

0.01% acetic orcein. Slides with good metaphase plates were frozen for 1-3 h at -80ºC 

and then the coverslips were removed. For acetic orcein destaining, slides were washed 
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in 45% acetic acid for 1 h, rinsed twice with distilled water for 10 min and then air-

dried. 

 

PROBE PREPARATION AND FLUORESCENT IN SITU HYBRIDIZATION 

Of the two multigene families of rDNA probed, the 35S was detected using the clone 

pTa71, a 9 kb EcoRI fragment isolated from Triticum aestivum L., which contains the 

18S-5.8S-26S genes and the intergenic spacer region (Gerlach & Bedbrook, 1979). The 

5S rDNA probe was directly obtained from one Artemisia species as follows. Total 

genomic DNA of A. princeps Pamp. was extracted from young leaves following the 

method of Doyle & Doyle (1987) modified by Cullings (1992), and then a PCR 

amplification of the 5S rDNA was carried out  using the primers and conditions 

described in Hoshi, Matoba & Kondo (2006).  

The 35S and 5S probes were labelled with avidin-FITC BioNick labelling 

system (Invitrogen) and digoxigenin-dUTP (Roche Diagnostics, Mannheim, Germany) 

respectively, following the manufacturer’s instructions. Hybridisation mixtures 

containing 50% formamide, 10% dextran sulphate, and each probe (at a concentration of 

4 ng/μl in 2×SSC) were subsequently denatured for 10 min at 95ºC. Slide preparations 

were incubated in 100 μg·ml-1 DNase-free RNase in 2×SSC for 1 h at 37ºC in a wet 

chamber, washed once in 2×SSC (pH 7) for 10 min with slow shaking and then 10 min 

in 1×PBS (pH 7.4), treated with 4% paraformaldehyde in 1×PBS for 10 min, denatured 

at 72ºC with 70% deionized formamide in 2×SSC for 1.5 min, dehydrated through an 

ethanol series (70º, 90º, 100º), and air dried.  

After denaturation of the probe mixture by boiling for 10 min, approximately 15-

20 μl were loaded onto each slide and covered with a coverslip. The preparations were 

denatured for 5 min at 75ºC, then quickly cooled to 37ºC and left to hybridise overnight 
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using a Hybaid Omni Slide thermal cycler. Post-hybridisation stringency washes were 

done with agitation as follows: two washes in 4×SSC at 42ºC for 10 min followed by 

one wash in 2×SSC (with 0.2% Triton X-100) at room temperature. For 5S signal 

detection, the slides were treated with 1% (w/v) bovine serum albumin (BSA) in 2×SSC 

with 0.2% Triton X-100 for 45 min at 37ºC, and then incubated for 1.5 h at 37ºC in 20 

μg·ml-1 anti-digoxigenin-rhodamine Fab fragments (Roche Diagnostics) in the same 

buffer. Slides were washed twice for 10 min in 2×SSC with 0.2% Triton X-100 at 42ºC, 

once in 2×SSC at room temperature 5 min, once in distilled water at room temperature 

for 5 min, and finally dehydrated for 5 min each in a series of 70%, 90% and 100% 

ethanol. Counterstaining was done with Vectashield (Vector Laboratories, Burlingame), 

a mounting medium containing 500 ng·ml-1 DAPI (4',6-diamidino-2-phenylindole). 

FISH preparations were observed with an epifluorescence Nikon Eclipse E600 

microscope using the following filters: UV-1A (365/410), B-2A (450/490), G-2A 

(510/560). At least 10 metaphase plates containing hybridisation signals were analysed 

and photographed using a CCD camera (Pixera, Pentium 600CL), and an image 

analyser software (Metavue, version 4.6, Molecular Devices Corporation). 

 

RESULTS 

Chromosome numbers of the taxa investigated ranged from 2n = 18 to 2n = 90, 

displaying four different ploidy levels (2n = 2x, 4x, 6x and 10x), with all the species 

being x = 9-based (see Table 1 for detailed karyological data). The species studied 

revealed the typical Artemisia-like karyotype, that is, relatively symmetrical and mostly 

comprising metacentric chromosomes, with only a few pairs of submetacentrics and 

subtelocentrics, mainly similar in size (see Figure 1 for illustration at different ploidy 

levels).  
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FISH MAPPING OF 35S AND 5S rDNA LOCI 

A summary of the cytogenetic data obtained for the species studied in this work is 

presented in Table 1, and the metaphase plates with the hybridisation signals are shown 

in Figs. 2 and 3. In all cases, FISH signals were only observed in (sub-) telomeric 

positions or in satellites. Both probes were seen to hybridise to the same chromosome 

region, therefore indicating that each rDNA locus contains 35S and 5S rDNA sequences 

arranged in a single unit. 

 Of the species studied within the A. dracunculus complex (see Table 1 and Fig. 

4 for phylogenetic illustration), the diploid A. dracunculus and A. giraldii Pamp. (both 

2n = 18; Fig. 2E, I) showed the same 35S-5S hybridisation pattern, with two loci (four 

signals). The tetraploid A. changaica Krasch., A. dracunculus and A. glauca Pall. (all 2n 

= 36; Fig. 2A, F, J) displayed the same homogeneous pattern as found in diploids, but 

with double the number of loci (i.e. eight signals). Likewise, a similar trend was found 

in the single hexaploid (2n = 54) population of A. dracunculus (Fig. 2G) investigated, 

with six loci (12 signals) detected, still indicating a proportional increase in the number 

of rDNA loci with ploidy level. Nevertheless, in the decaploid (2n = 90) population of 

A. dracunculus (Fig. 2H) we detected a slight deviation from the above mentioned 

trend, with only 18-19 signals (c. nine loci) instead of the 20 expected. In parallel to this 

reduction in hybridisation signals, differences in signal strength between the rDNA loci 

were apparent, becoming more evident with increasing ploidy levels (e.g. see arrows in 

Fig. 2G, H). 

From the main Eurasian grade of subgenus Dracunculus sensu Pellicer et al. 

(2011), the diploid A. commutata Besser, A. dolosa Krasch. and A. sphaerocephala 

investigated showed four rDNA loci (eight signals) that mapped to meta- and 

submetacentric chromosomes (Figs. 2B, C, 3E), in some cases varying in fluorescence 
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intensity. In contrast, the tetraploid representatives displayed a more heterogeneous 

pattern of 35S-5S loci number. The tetraploid population of A. dolosa studied had 

exactly the same number of FISH signals (eight, i.e. four loci) as the diploid (Fig. 2C, 

D) and the same result was also observed in the tetraploid species A. littoricola Kitam. 

and A. monostachya Bunge ex Maxim. (Figs. 2L, 3A). However, we detected an 

increase in the number of hybridisation signals of up to nine in the tetraploid A. 

ledebouriana Besser, in which one of the metacentric pairs could be missing a signal 

(Fig. 2K), and 10 in A. pycnorhiza Ledeb. (Fig. 3B). 

The diploid species A. salsoloides Willd. and A. sibirica (L.) Maxim. [also 

known as Filifolium sibiricum (L.) Kitam.], both currently segregated from subgenus 

Dracunculus, and the decaploid A. sericea Weber ex Stechm. (subgenus Absinthium 

(Mill.) Less.), were included in our sampling for comparative purposes in evaluating the 

dynamics of rDNA evolution. The number of FISH signals found in these species was 

as follows: four (i.e. two loci) in both diploid taxa and 16 (i.e. eight loci) in the 

decaploid A. sericea. 

 

DISCUSSION 

FISH SIGNAL STRENGTH 

FISH is considered to be a semi-quantitative technique in which the intensity of signals 

can provide some indication about the copy number of the targeted gene (Maluszynska 

& Heslop-Harrison, 1993). In some of the diploid taxa surveyed by FISH we noticed 

signal intensity polymorphisms (e.g. A. commutata, A. giraldii and A. salsoloides; Figs. 

2B, I, 3C), as has previously been reported in other species of Artemisia (Garcia et al., 

2007). However, differences in signal strength, with a reduction at several loci, was 

more evident in the polyploid species, especially the high polyploids (Figs. 2G, H, 3D), 
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although it was also apparent in some tetraploids (Figs. 2J, 3A, B), as frequently 

reported in other genera (e.g. Srisuwan, Sihachakr & Siljak-Yakovlev, 2006). It is 

known that the highly repetitive rDNA sequences at one locus share significant 

sequence homology with other rDNA sites on other chromosomes (Thomas, Harper & 

Morgan, 2001), and that the physical association of rDNA sequences between 

homologous and non-homologous chromosomes is therefore feasible (Hanson et al., 

1996). In fact, rDNA loci located in telomeric and subtelomeric rDNA positions, as 

observed here, could facilitate the interchromosomal association of genes, thereby 

increasing the chances for unequal exchanges leading to both increases/decreases in 

copy numbers (Liu & Davis, 2011). Thus it is possible that such process may be 

responsible for the differences in signal strength found in some of the species studied. 

 

MAIN PATTERNS OF 35S-5S LOCI NUMBER IN ARTEMISIA: SYSTEMATIC IMPLICATIONS 

The lack of extensive FISH information for both 35S and 5S rDNA in Artemisia makes 

it difficult to reconstruct the evolutionary dynamics of loci number using statistical 

methods. Bearing in mind these limitations, we mapped the available cytogenetic data 

for diploid taxa onto the phylogenetic reconstruction of the whole genus (summarized in 

Fig. 4A, supplementary appendix 2). Using this approach, we hypothesised an ancestral 

diploid Artemisia with 2n = 18 chromosomes which had two rDNA loci, with both 35S 

and 5S rDNA sequences linked. This suggestion follows the recent findings that in 

Artemisia (Garcia et al., 2009b) and some other Asteraceae (Garcia et al., 2010), where 

one unit (and exceptionally two) of the 5S gene is located within the intergenic spacer 

of the 35S gene, with the whole sequence being tandemly arranged. This putative 

ancestral pattern was clearly already present in the early diverged A. salsoloides (Figs. 

3C, 4A). However, whilst the phylogenetic and genome size profiles for this species 
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determined by Pellicer et al. (2011) have supported its segregation from subgenus 

Dracunculus, the finding that the number of 35S-5S loci in A. salsoloides is shared with 

several species in subgenus Dracunculus, fails to provide further evidence to support its 

segregation from the subgenus, and therefore shows some of the limitations of using 

this type of information to unravel species relationships at the lower taxonomic levels. 

The above-mentioned ancestral pattern of rDNA organization has been shown to 

be present in diploid representatives of each subgenus, with episodes of 

increases/decreases of rDNA loci number at the diploid level, being essentially 

restricted to the basal (i.e. A. salsoloides, subgenus Artemisia and subgenus 

Dracunculus) and the most derived (i.e. subgenus Tridentatae) lineages (Fig. 4A) of 

Artemisia. These findings have revealed some contrasting evolutionary scenarios in the 

different subgenera, such as the apparent constancy in loci number within subgenus 

Artemisia, despite this group having a complex evolutionary history (reviewed by 

Vallès et al., 2011), compared with the high karyotypic dynamism of subgenus 

Dracunculus, whose diploid representatives may carry up to five rDNA loci (Fig. 4B). 

Mapping the distribution of available rDNA loci data onto a summarised phylogenetic 

tree of this subgenus shows that while the diploid representatives of the A. dracunculus 

complex display the ancestral rDNA loci pattern, the diversification of the main 

Eurasian grade has been accompanied by extensive genomic rearrangements leading to 

changes in the number of rDNA loci at the diploid level (Fig. 4B). Surprisingly, this 

increase in loci number has not been coupled with changes in either ploidy level 

(discussed in section below) or genome size. The unique exception is found in A. 

capillaris (Fig. 4B; Hoshi, Matoba & Kondo, 2006), where additional chromosomal 

reorganizations that could have favoured such an odd number of sites (nine) has led to a 

clear reduction in the nuclear DNA content (see supplementary appendix 2). 
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Another subgenus in which deviations from the putative ancestral pattern have 

previously been reported is the phylogenetically-derived Tridentatae, which includes 

most of the North American endemic taxa. Essentially, of the two main clades surveyed, 

the diploid representatives of the Tridentatae core were characterised by the addition of 

one rDNA site per haploid genome (i.e. three rDNA loci in total) (Garcia et al., 2007, 

2009a), while in species segregated as part of the section Filifoliae, e.g. A. filifolia 

(formerly classified within subgenus Dracunculus), A. bigelovii and A. rigida the 

ancestral-like state of two rDNA loci was confirmed.  

 

AN ADDITIVE PATTERN OF rDNA LOCI NUMBER IN POLYPLOID TAXA IN THE A. 

DRACUNCULUS COMPLEX 

As mentioned above, much of the species diversity within subgenus Dracunculus is 

grouped into two main lineages (see Fig. 4B for schematic illustration). The survey we 

carried out across both lineages revealed two contrasting patterns of rDNA evolution in 

the polyploid taxa.  

Within the A. dracunculus complex, all tetraploid accessions analysed exhibited 

a direct multiple increase in the number of 35S-5S loci with respect to diploids, 

following a linear additive pattern. Indeed, this increase took place with no meaningful 

evidence of genome downsizing (Table 1, Fig. 4B). This kind of additive model at the 

lower ploidy levels has been previously reported in other Artemisia species (Garcia et 

al., 2009a), as well as other Asteraceae genera such as Tragopogon L. (Pires et al., 

2004) and Centaurea L. (Dydak et al., 2009). Although polyploidisation was not 

associated with DNA loss in Centaurea, the patterns found in allotetraploid Tragopogon 

were more variable, with some species showing an additive pattern in DNA amount 

whilst others underwent genome downsizing.  

This is an Accepted Manuscript of an article published in Botanical Journal of the Linnean Society on 24 January 2013, available online: 
http://dx.doi.org/10.1111/boj.12001



            

 14

The number of 35S-5S rDNA sites in hexaploid A. dracunculus also followed 

the same additive trend as reported for tetraploids, but such a proportional increase in 

sites at the decaploid level was not perfectly linear, with 18-19 rDNA sites (c. nine loci) 

instead of the 20 expected (i.e. 10 loci), pointing towards a slight reduction compared 

with the proportionate multiples of the typical diploid number. A similar trend, although 

enhanced, was also found in the decaploid A. sericea (subgenus Absinthium) where, 

only eight loci were observed instead of an expected number of 10. Such results suggest 

that a reduction in the number of rDNA loci is a common trend in highly polyploid 

Artemisia. Furthermore, significant genome downsizing occurred at 6x and 10x ploidy 

levels, with losses involving c. 10% (6x) and 20% (10x) of the genome. 

Similar scenarios to that of A. dracunculus with proportional increase in number 

of rDNA loci coupled with genome downsizing have been reported in other well studied 

plant groups, such as Nicotiana L., and might be helpful for uncovering the genomic 

processes taking place in polyploids. For example, Leitch et al. (2008) found that in 

allotetraploid N. tabacum L. its genome size had undergone a reduction of 3.7%, but 

that still the number of  rDNA sites was additive, being exactly the sum of the parental 

taxa (Lim et al., 2000). Recently, Renny-Byfield et al. (2011) used clustering 

approaches to analyse next generation 454 sequencing data and confirmed that, although 

a large proportion of the DNA missing in N. tabacum belonged to different types of 

retroelements (mainly Ty3/gypsy families), there was also evidence of rDNA repeat 

elimination. This would suggest that even when the number of rDNA loci detected by 

FISH increases proportionally with ploidy level, the number of repeats/copies per locus 

may decrease, although not below levels where they lose cellular activity. While it is 

possible that a similar situation is occurring in Artemisia to explain the different signal 

intensities observed between rDNA loci in some species (noted above), further research 
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devoted to characterising the repetitive rDNA sequences is necessary to support this 

explanation for the observations.  

 

REMARKABLE rDNA LOCI NUMBER REDUCTION IN POLYPLOID REPRESENTATIVES OF THE 

EURASIAN GRADE 

Previous FISH mapping of 35S-5S rDNA conducted in the diploid A. campestris L. and 

A. capillaris reported the presence of six and nine signals of rDNA, respectively 

(Torrell et al., 2001; Hoshi, Matoba & Kondo, 2006). In contrast, our results for diploid 

taxa in the Eurasian grade revealed a constant number of eight signals (four loci) at this 

level, and from eight to 10 in tetraploids, therefore highlighting a remarkable reduction 

in the number of rDNA sites in these polyploids compared with the additive pattern 

observed in the A. dracunculus clade. It seems that an increase in rDNA loci from the 

(hypothesised) ancestral pattern in diploids must have occurred during the 

diversification of the Eurasian grade, followed apparently, by a “diploidisation” of the 

rDNA loci number (but not chromosome number) in polyploid taxa returning it back to 

the diploid-like state. Such a significant reduction in loci does not appear to be a very 

frequent phenomenon in angiosperms. Based on an analysis of the Plant rDNA 

Database (Garcia, Garnatje & Kovařík, 2011), we found only 20 of the c. 230 genera 

listed to have examples where the number of rDNA loci was the same in both the 

polyploid taxa and its diploid counterparts.  

Drawing conclusive hypotheses when comparing different species must be done 

with caution, but it is worth mentioning that intraspecific variation was not even 

detected between the 2x and 4x populations studied of A. dolosa, both with eight rDNA 

signals (Fig. 2C, D). These results might suggest that a complete elimination of rDNA 

sequences has taken place, but other plausible scenarios cannot be discarded. For 
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example, it is possible that not all copies of the rDNA repeat have been lost but the 

numbers present are below the threshold necessary for detection by FISH. Broad 

genomic rearrangements and modifications of gene expression following the formation 

of synthetic polyploids have frequently been reported (reviewed by Chen & Zhongfu, 

2006), some of which might involve either a reduction or loss of activity in rDNA loci, 

hence promoting their removal (Hasterok et al., 2006). Furthermore, non-proportional 

increases in rDNA loci number in polyploid taxa with respect to their diploid 

counterparts has been reported in several genera (e.g. Hanson et al., 1996; Mishima et 

al., 2002; Liu & Davis, 2011), and attributed to either unequal homoeologous exchange 

or to the spontaneous elimination of chromosome fragments (Zhang & Sang, 1999; 

Pontes et al., 2004; Weiss-Schneeweiss et al., 2008). For sure, whatever the 

explanation, it seems clear that the polyploid species belonging to this Eurasian grade of 

Artemisia species have undergone an enhanced elimination rDNA sequences following 

polyploidy.  

In contrast to the dynamics found in the A. dracunculus complex, where the 

increase of rDNA loci has been accompanied by a proportional increase in genome size 

in tetraploids, it is striking that the reduction in rDNA loci in the tetraploid A. dolosa 

was not accompanied by genome downsizing, at least not significantly so, as the 1Cx 

values are almost identical for both diploid and tetraploid cytotypes (Fig. 4B). This is 

particularly remarkable as the number of rDNA repeats has been shown to be correlated 

with genome size (Prokopowich, Gregory & Crease, 2003), so one might expect that a 

reduced number of loci found in tetraploid A. dolosa (that we interpret as either a 

complete removal or a loss of most repeats) would result in a reduction of the 1Cx-

value. Given that this is not the case, it is reasonable to suggest that the amplification of 
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other types of DNA sequences must have taken place following the genome duplication, 

to keep the balance in genome size. 	

	

CONCLUDING REMARKS 

The physical mapping of rRNA genes in a representative number of taxa of subgenus 

Dracunculus has revealed the existence of two different patterns of rDNA evolution 

which follow the phylogenetic segregation of the subgenus into two clades. Taking into 

account previous cytogenetic data available for the genus as a whole, we have 

hypothesised a diploid ancestor with two rDNA loci, which is essentially the pattern 

found in diploids of the A. dracunculus complex. In contrast, among representatives 

sampled in the Eurasian grade, the cytogenetic profiles are more heterogeneous, with all 

species examined deviating from the putatively ancestral arrangement. This study has 

also uncovered divergent patterns of site number evolution with polyploidy among 

closely related species, which fit, at the higher taxonomic level, with the main 

diversification episodes of the subgenus. The results provide a solid baseline for further 

research aiming to characterise repetitive DNA and hence gain insights into the 

dynamics of rDNA loci evolution in polyploid taxa. 
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Figure 1: Karyotypes of A. dracunculus at different ploidy levels. A, 2n = 2x = 18; B, 

2n = 4x = 36; C, 2n = 6x = 54; D, 2n = 10x = 90. Scale bars = 10 μm. 
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Figure 2: Somatic metaphase plates of merged FISH using 35S (fluorescein) and 5S 

(rhodamine) ribosomal DNA probes. A,  A. changaica (2n = 4x = 36); B,  A. commutata 

(2n = 2x = 18); C, A. dolosa (2n = 2x = 18); D, A. dolosa (2n = 4x = 36); E, A. 

dracunculus (2n = 2x = 18); F, A. dracunculus (2n = 4x = 36); G, A. dracunculus (2n = 

6x = 54); H,  A. dracunculus (2n = 10x = 90); I, A. giraldii (2n = 2x = 18); J, A. glauca 

(2n = 4x = 36); K, A. ledebouriana (2n = 4x = 36); L, A. littoricola (2n = 4x = 36). Scale 

bars = 10 μm. White arrows indicate the presence of weak fluorescence signals. 
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Figure 3: Somatic metaphase plates of merged FISH using 35S (fluorescein) and 5S 

(rhodamine) ribosomal DNA probes. A, A. monostachya (2n = 4x = 36); B, A. 

pycnorhiza (2n = 4x = 36); C, A. salsoloides (2n = 2x = 18); D, A. sericea (2n = 10x = 

90); E, A. sphaerocephala (2n = 2x = 18); F, A. sibirica. Scale bars = 10 μm. White 

arrows indicate the presence of weak fluorescence signals. 
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Figure 4: A, summary of the broad phylogenetic relationships in Artemisia based on 

Vallès et al. (2011) with an indication of the number of rDNA 35S-5S loci. B, summary 

of the phylogenetic relationships within subgenus Dracunculus taken from Pellicer et 

al. (2011). Ploidy levels, genome size data (1Cx-values) and the number of 35S-5S 

rDNA loci have been mapped along the tree. 
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Table 1. Karyological and cytogenetic results in the species studied, including genome 

size data and the number of FISH (35S and 5S) signals.  

 

Taxon Chromosome 
number (2n)

Ploidy 
level

2C-value 
(pg)

1Cx-value 
(pg) 

35S-5S 
sites 

A. dracunculus 
complex 

     

A. changaica  36 4x 11.70 2.93 8 
A. dracunculus 18 2x 5.94 2.98 4 
A. dracunculus 36 4x 11.82 2.97 8 
A. dracunculus 54 6x 15.70 2.62 12 
A. dracunculus  90 10x 23.90 2.39 18-19 
A. giraldii  18 2x 6.00 3.00 4 
A. glauca  36 4x 11.96 2.99 8 
Eurasian grade 
representatives 

     

A. commutata  18 2x 6.04 3.03 8 
A. dolosa 18 2x 4.20 2.10 8 
A. dolosa  36 4x 8.86 2.22 8 
A. ledebouriana  36 4x 8.74 2.19 9 
A. littoricola  36 4x 8.72 2.18 8 
A. monostachya  36 4x 8.84 2.21 8 
A. pycnorhiza 36 4x 9.02 2.26 10 
A. sphaerocephala  18 2x 5.52 2.76 8 
Related species      
A. salsoloides 18 2x 11.04 5.70 4 
A. sericea 90 10x 24.32 2.43 16 
A. sibirica 18 2x 9.44 4.72 4 

 
Notes: Taxa studied are arranged according to the phylogenetic studies described in 
Pellicer et al. (2011). Genome size data extracted from our previously published works 
(Torrell et al., 2001; Garcia et al., 2004; Pellicer et al., 2011). 
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Supplementary appendix 1. Origin, collectors and herbarium vouchers of the species 

studied.  

Taxon Origin, voucher and collectors

Artemisia changaica Krasch. 

Mongolia, Arkhangai aimag. Taryat sum, Khorgo-Terkh 
National Park, Larix sibirica forest above lake Terkhen Sagan 
nur. 27-VIII-2004. Leg. Sh. Dariimaa, Sh. Tsooj and J. Vallès 
(BCN 34487).

Artemisia commutata Besser 
Mongolia, Selenge aimag. Shaamar sum, 3 km west of the sum, 
Buureg Tolgoi hills, near river Okhon. 700 m. 9-IX-2004. Leg. 
Sh. Tsooj, J. Vallès and E. Yatamsuren (BCN). 

Artemisia dolosa Krasch. 
Mongolia, Uvur Khangai aimag. 20 km south of Khujirt sum, 
meadow steppe. 30-VIII-2004. Leg. Sh. Dariimaa, Sh. Tsooj 
and J. Vallès (BCN 23805).

Artemisia dolosa Krasch. 

Mongolia, Tuv (Central) aimag. Mungunmort sum,20 km W of 
the sum, W slope of Mungun mountain. 7-IX-2004. Leg. Sh. 
Dariimaa, Sh. Tsooj, J. Vallès and E. Yatamsuren (BCN 
23791).

Artemisia dracunculus L.  
Russia, Chita oblast, Kyra raion. Near the village of Kyra, 
northern slope South of the village, rich steppe with herbs and 
bushes. 1-IX-2005. Leg. et det. A.A. Korobkov (LE 06-04). 

Artemisia dracunculus L.  
Russia, Volgograd oblast. Left shore of Khoper river, between 
gypseous slopes, meadows. 15-X-2000. Leg. et det. A.A. 
Korobkov (LE 00-40).

Artemisia dracunculus L. 

Kazakhstan, Chimkent oblast. Chokpak ornithological station, 
railroad edges near Chokpak railway station, 500 m. 1-IX-
2000. Leg. A.A. Ivaschenko, A. Susanna S-2211 and J. Vallès 
(BCF 50688).

Artemisia dracunculus L.  
Poland, Lower Silesia, Wrocław (Fabryczna), in the 
embankment. 8-VIII-2001. Leg. A. Kreitschitz, det. A. 
Wąsowicz (Herbarium A. Kreitschitz).

Artemisia giraldii Pamp. 

Mongolia, Bulgan aimag. Sansar sum, north-east slope of 
Khugunkhaan mountain, steppe near Betula and Pinus forest, 
2000 m. 25-VIII-2004. Leg. Sh. Dariimaa, Sh. Tsooj and J. 
Vallès (BCN 23806).

Artemisia glauca Pall. 
Russia, Tyva Republic. Near the city of Kyzyl, summits of 
hills, groupments of Artemisia and Poaceae. 12-IX-2003. Leg. 
et det. A.A. Korobkov (LE-Korobkov).

Artemisia ledebouriana 
Besser 

Russia, Buryat Republic, Pribaikal raion. Shore of the lake 
Baikal, at 159-160 km on road from the village of Turku, sand 
dunes. 16-IX-2005. Leg. et det. A.A. Korobkov (LE 06-06).

Artemisia littoricola Kitam. Russia, Sakhalín Island. 5 km S of Krasnogorsk. 8-X-2000. 
Leg. K. Tkachenko (LE-Korobkov 00-05).

Artemisia monostachya 
Bunge ex Maxim. 

Russia, Chita oblast, Kyra raion. Near Kyra, southern rocky 
slope in the left Kyra river shore, mountain steppe among 
Prunus armeniaca. 9-IX-2005. Leg. et det. A.A. Korobkov (LE 
06-07).

Artemisia pycnorhiza Ledeb. 

Russia, Tyva Republic, Erzin raion. Left shore of Tes-Khem 
river, 20 km NW of the city of Erzin, base of Izvestkyakov 
mountains, rocks. 18-IX-2003. Leg. et det. A.A. Korobkov (LE 
04-115).

Artemisia salsoloides Willd. Russia, Volgogradskaya oblast. Kumylissi. 15-X-2000. Leg. 
A.A. Korobkov (LE 00-11).

Artemisia sericea Weber ex Russia, Chita oblast, Kyr raion: near the village of Kyr, 
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Stechm. Sokhodin reserve, slopes in the left shore of a small river. 9-IX-
2005. Leg. A.A. Korobkov (LE-Korobkov 06-26). 

Artemisia sibirica (L.) 
Maxim. 

Mongolia, Bulgan aimag: Sansar sum, north-east slope of 
Khugunkhaan mountain. 25-VIII-2004. Leg. Sh. Dariimaa, Sh. 
Tsooj and J. Vallès (BCN-Mong. 14)

Artemisia sphaerocephala 
Krasch. 

Mongolia, Bulgan aimag: Dashin Shellen sum, 10 km north-
west of the sum, near the Institute of Folk Medicine, steppe 
with Caragana. 24-VIII-2004. Leg. Sh. Dariimaa, Sh. Tsooj and 
J. Vallès (BCN 34485).
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Supplementary appendix 2. Information available on 35S and 5S rDNA loci in diploid 
Artemisia. 

Species Subgenusa Chr. 
nubmer 

35S 
sites 

5S 
sites 

rDNA 
arrangement 

Physical position in 
the chromosomes 

Artemisia absinthium1 
Absinthium 

18 4 4 linked 
(sub-) terminal or 

satellite 

Artemisia absinthium1 
Absinthium  

18 4 4 linked 
(sub-) terminal or 

satellite 

Artemisia absitnhium1 
Absinthium 

18 4 4 linked 
(sub-) terminal or 

satellite 

Artemisia absinthium1 
Absinthium 

18 4 4 linked 
(sub-) terminal or 

satellite 

Artemisia annua1 
Artemisia 

18 4 4 linked 
(sub-) terminal or 

satellite 

Artemisia annua1 
Artemisia 

18 4 4 linked 
(sub-) terminal or 

satellite 

Artemisia bigelovi1 
Tridentatae 

18 4 4 linked 
(sub-) terminal or 

satellite 

Artemisia campestris2 
Dracunculus 

18 6 6 linked 
(sub-) terminal or 

satellite 

Artemisia cana1 
Tridentatae 

18 6 6 linked 
(sub-) terminal or 

satellite 

Artemisia capillaris1 
Dracunculus 

18 9 9 linked 
(sub-) terminal or 

satellite 

Artemisia chamaemelifolia1 
Artemisia 

18 4 4 linked 
(sub-) terminal or 

satellite 

Artemisia commutata3 
Dracunculus 

18 8 8 linked 
(sub-) terminal or 

satellite 
Artemisia dolosa3 Dracunculus 18 8 8 linked (sub-) terminal or 

satellite 
Artemisia dracunculus3 Dracunculus 18 4 4 linked (sub-) terminal or 

satellite 
Artemisia feddei1 Artemisia 16 4 4 linked (sub-) terminal or 

satellite 
Artemisia filifolia1 Tridentatae 18 4 4 linked (sub-) terminal or 

satellite 
Artemisia fragrans1 Seriphidium 18 4 4 linked (sub-) terminal or 

satellite 
Artemisia giraldii3 Dracunculus 18 4 4 linked (sub-) terminal or 

satellite 
Artemisia herba-alba1 Seriphidium 18 4 4 linked (sub-) terminal or 

satellite 
Artemisia japonica1 Dracunculus 36 4 4 linked (sub-) terminal or 

satellite 
Artemisia keiskeana1 Artemisia 18 4 4 linked (sub-) terminal or 

satellite 
Artemisia magellanica4 Artemisia 18 2 2 linked (sub-) terminal or 

satellite 
Artemisia medioxima5 Artemisia 18 4 4 linked (sub-) terminal or 

satellite 
Artemisia nova1 Tridentatae 18 6 6 linked (sub-) terminal or 

satellite 
Artemisia pygmaea1 Tridentatae 18 6 6 linked (sub-) terminal or 

satellite 
Artemisia rigida1 Tridentatae 18 8 8 linked (sub-) terminal or 

satellite 
Artemisia salsoloides3 - 18 4 4 linked (sub-) terminal or 

satellite 
Artemisia sphaerocephala3 Dracunculus 18 8 8 linked (sub-) terminal or 

satellite 
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Artemisia sibirica3 Artemisia 18 4 4 linked (sub-) terminal or 
satellite 

Artemisia tridentata1 Tridentatae 18 6 6 linked (sub-) terminal or 
satellite 

Artemisia tridentata1 Tridentatae 18 6 2 linked (sub-) terminal or 
satellite 

Artemisia tridentata1 Tridentatae 18 6 6 linked (sub-) terminal or 
satellite 

Artemisia tripartita1 Tridentatae 18 6 6 linked (sub-) terminal or 
satellite 

Artemisia tripartita1 Tridentatae 18 6 6 linked (sub-) terminal or 
satellite 

Artemisia vulgaris1 Artemisia 16 4 4 linked (sub-) terminal or 
satellite 

 

aSubgeneric circumscriptions sensu: Pellicer J, Garnatje T, Korobkov AA, Vallès J. 
2011. Phylogenetic relationships of subgenus Dracunculus (genus Artemisia, 
Asteraceae) based on ribosomal and chloroplast DNA sequences. Taxon 60: 691-704. 
Garcia S, Garnatje T, McArthur ED, Pellicer J, Sanderson SC, Vallès J. 2011. 
Taxonomic and Nomenclatural Rearrangements in Artemisia Subgen. Tridentatae, 
Including a Redefinition of Sphaeromeria (Asteraceae, Anthemideae). Western North 
American Naturalist 71: 158-163. 
1Garcia S, Garnatje T, Kovarik A. 2011. Plant rDNA Database (release 1.0.2011: 
http://www.plantrdnadatabase.com). Database environment by Gálvez F. 
2Torrell M, Cerbah M, Siljak-Yakovlev S, Vallès J. 2001. Etude cytogénétique de 
trois taxons du complexe d’Artemisia campestris L. (Asteraceae, Anthemideae) : 
localisation de l’hétérochromatine et de l’ADN ribosomique. Bocconea 13: 623-628. 
3This work 
4 Pellicer J, Garnatje T, Molero J, Pustahija F, Siljak-Yakovlev F, Vallès J. 2010. 
Origin and evolution of the South American endemic Artemisia species (Asteraceae): 
evidence from molecular phylogeny, ribosomal DNA and genome size data. Australian 
Journal of Botany 58: 605-616. 
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