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Current methods in chromosome analysis, especially the physical mapping of specific DNA probes to individual
chromosomes, are useful tools for analyzing evolutionary processes in chromosome organization. They add
significant new data to earlier studies based on chromosome counts or conventional karyotyping. This type of more
detailed cytogenetic information is available to date for only 12 of the altogether 6070 genera of the traditional grass
tribe Aveneae. By far most studies dealt with the well-studied genus Avena, due to the agricultural significance of the
cultivated oats. Information is less complete for the other genera, because some chromosome characters are not
consistently known for all of them, which makes comparison difficult. Moreover, information is scattered in the
literature and not easily accessible for systematic or phylogenetic work. Thus we summarized and reviewed these
data on chromosome structure and organization, while leaving chromosome numbers out of focus, and evaluated or
re-analyzed them in the light of an emerging phylogenetic framework leading to many changes in genus-level
systematics of Aveneae/Poeae. In many instances the previously seemingly random distribution of chromosome
characters is resolved as independent change within different phylogenetic lineages (parallelism), as seen, for
example, in the numbers of nucleolar organizing regions, the presence of different satellite DNAs, or the distribution
and composition of heterochromatin. Other aspects of chromosomal organization, such as the localization of the
different ribosomal DNAs on particular chromosomes, are rather conserved through multiple speciation processes.
Constraints in interphase nuclear architecture were invoked as likely explanation. Important progress thus has been
made to identify the closest relatives of Avena, the most important crop plant genus. Avena fits the assemblage of
genera, in which it is nested on molecular phylogenetic data, also in chromosomal characters (Arrhenatherum,
Helictotrichon s. str. incl. Pseudarrhenatherum, Tricholemma). Polyploidy, long considered a driving factor in grass
evolution turned out to be highly complicated process. As well-known for the genus Avena, chromosome structure
and sequence analysis of ribosomal DNA concur also in examples from the genus Helictochloa by revealing most of
its polyploids as allopolyploids, but there is sequence homogenization involving exchange of entire repeat units as
well as stepwise, somewhat patchy change, while the corresponding chromosomal sites inherited from the parental
genomes remain rather conserved. The value of detailed information on chromosome structure for future comparative
studies on grass genomes across tribes and subfamilies is discussed.

Zusammenfassung: Roser, M., Winterfeld, G., Déring, E. & Schneider, J. 2014: Chromosomenevolution der
Grasertriben Aveneae/Poeae (Poaceae): Einblicke aus Sicht der Karyotypstruktur und molekularen Phylogenie.
Schlechtendalia 28: 1-21.

Gegenwadrtige Methoden der Chromosomenanalyse, insbesondere die physische Kartierung von spezifischen DNA-
Sonden in individuellen Chromosomen, sind nitzliche Werkzeuge, um evolutiondre Vorgénge in der
Chromosomenorganisation zu studieren. Sie ergdnzen auf Chromosomenzéhlungen oder konventionellen Karyotyp-
Analysen basierende frihere Studien um wichtige neue Daten. Derartig detaillierte cytogenetische Informationen sind
bis heute nur fir etwa 12 der insgesamt 60—70 Gattungen der traditionellen Gréser-Tribus Aveneae verfiigbhar. Die
meisten Studien beschéftigten sich mit der gut untersuchten Gattung Avena, aufgrund der landwirtschaftlichen
Bedeutung der kultivierten Saathafer. Weniger vollstandig sind die Informationen Uber die anderen Gattungen, denn
einige chromosomale Merkmale sind bei ihnen nicht durchwegs untersucht worden, was Vergleiche erschwert.
Zudem sind die Daten relativ verstreut in der Literatur anzutreffen und nicht leicht fiir systematische oder
phylogenetische Fragestellungen verfugbar. Aus diesen Griinden fassen wir diese Daten in einem Ubersichtsartikel
zur Chromosomenstruktur und -organisation zusammen und werten bzw. re-analysieren sie im Lichte sich
entwickelnder neuer phylogenetischer Erkenntnisse, die zu vielfachen Anderungen in der Gattungssystematik der
Poeae/Aveneae gefuihrt haben. Daten tlber Chromosomenzahlen haben wir dabei weniger beriicksichtigt. In vielen
Fallen erwies sich scheinbar zuféllige Verteilung chromosomaler Merkmale als mehrfach unabhéngig voneinander
erfolgte Verdnderung in unterschiedlichen und voneinander unabhéngigen phylogenetischen Linien (Parallelismus).
Beispiel dafir sind die Zahl der Nukleolusorganisator-Regionen (NORs), das Vorkommen unterschiedlicher
Satelliten-DNAs oder die Anordnung und Zusammensetzung des Heterochromatins. Andere Aspekte der
Chromosomenorganisation, z.B. die Lokalisierung der unterschiedlichen ribosomalen DNAs in speziellen
Chromosomen, sind evolutionér relativ konserviert und Gber multiple Artbildungsereignisse hinweg unveréndert
erhalten geblieben. Strukturelle Zwénge in der Organisation des Interphasekerns werden hierfir als wahrscheinlichste
Erklarung diskutiert. Wesentliche Fortschritte wurden darin erzielt, die ndchsten Verwandten von Avena, der
wichtigsten Nutzpflanzengattung der Aveneae, zu identifizieren. Avena passt aufgrund ihrer chromosomalen
Merkmale sehr gut in die Gruppe von Gattungen hinein, in der sie wegen molekular-phylogenetischer Daten gestellt
wird (Arrhenatherum, Helictotrichon s. str. inkl. Pseudarrhenatherum, Tricholemma). Polyploidie, seit langem als
wesentliche Antriebskraft der Evolution der Gréaser betrachtet, erweist sich als hdchst komplizierter Prozess. Wie
bereits fiir die Gattung Avena bekannt, belegen Chromosomenstruktur und Sequenzanalysen der ribosomalen DNA in
Ubereinstimmender Weise auch fur Beispiele aus der Gattung Helictochloa, dass es sich bei den meisten Polyploiden



um Allopolyploide handelt. Hierbei kann eine Homogenisierung der unterschiedlichen parentalen DNA-Sequenzen
eintreten, welche sowohl den Austausch vollstandiger Wiederholungseinheiten (repeats) als auch kleinerer Abschnitte
umfasst, wahrend die zugehoérigen chromosomalen Loci, die von den parentalen Genomen stammen, weitgehend
konserviert bleiben. Die Bedeutung detaillierter Daten zur Chromosomenstruktur fiir zukinftige vergleichende
Studien der Gréaser-Genome uber die Grenzen von Triben und Unterfamilien hinweg wird diskutiert.
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Introduction
Grasses as Crop Plants

Grasses are the most important plant family for mankind and in particular its foremost source of
carbohydrates (Lieberei & Reisdorff 2012, FAO 2014). As such, understanding its evolution at
the chromosomal level is of fundamental importance.

Cereals as crop plants come from no less than four different evolutionary lineages of grasses: 1)
subf. Erhartoideae (rice, wild rice; Oryza sativa, Zizania palustris), 2) subf. Pooideae (wheat,
barley, rye, oat; Triticum spp., Hordeum vulgare, Secale cereale, Avena spp.), 3) subf.
Panicoideae (maize, sorghum, several genera of millets; Zea mays, Sorghum bicolor) and 4)
subf. Chloridoideae (further millets as Eragrostis tef, E. spp. and species of Setaria).

As a common character, all of the cultivated species already date back to ancient, pre-historic
selection and cultivation by humans in different continents of the world and since then split up
into an enormous amount of different races, varieties or cultivars. Some genera contain several
cultivated species (Triticum, Avena) involving different ploidy levels with a mostly
allopolyploid and especially amphidiploid background, whereas others have only a single
cultivated species (Oryza, Hordeum, Secale, Sorghum, Zea) with a constant chromosome
number except aneusomatic breeding lines, artificially generated polyploids, etc. Additionally,
hybrids between crop species of related genera have been firstly bred in the 20th century, e.g.,
between Triticum and Secale (xTriticale, etc.), and are becoming economically increasingly
significant to date (Lieberei & Reisdorff 2012).

Highly important cereals, especially maize, rice and wheat, served during the past c. eight
decades as one of the most important study objects and model systems in plant genetics,
cytogenetics and plant physiology as they are suited for experimental study, due also to their
short generation time as annuals. Many fundamental discoveries on inheritance, chromosome
structure, order of genes in the chromosomes, gene regulation and epigenetic effects,
transposable elements, or molecular organization of meiosis have been obtained with
experiments on grasses, which are in focus also of comparative genome analysis by completed
or progressing genome sequencing studies (rice, sorghum, maize).

Aveneae and Oat (Avena sativa and Other Species)

Chromosome research in the tribe Aveneae has focused on genus Avena which has about 30
species, all of which are native from the Near East and Ethiopia through the Mediterranean
region to the islands of Macaronesia (Baum 1977; Baum & Fedak 1985a, b; Ladizinsky 1998).
Species of Avena cultivated for grain harvesting are hexaploid A. sativa (genome compaosition
ACD), to a lesser extent also diploid A. strigosa (A), tetraploid A. abyssinica (AB) and
hexaploid A. byzantina (ACD). Hexaploid Avena sativa became introduced as a crop plant in all
continents, but unintentionally also some species (e.g., A. fatua or A. ludoviciana with the same
genomes ACD), which now rank among the world’s most noxious weeds. Extensive cytogenetic
studies in Avena, complemented by molecular and fingerprint studies have largely clarified the
relations between the diploid species in Avena and aided to identify the origin of its polyploids
(Rajhathy & Thomas 1974; Postoyko & Hutchinson 1986; Fominaya et al. 19883, b; Linares et
al. 1992, 1996, 1998; Thomas 1992; Jellen et al. 1993a, b, 1994; Chen & Armstrong 1994,
Leggett & Markhand 1995; Leggett & Thomas 1995; Katsiotis et al. 1996, 1997, 2000; Irigoyen
et al. 2001, 2002; Fu & Williams 2008 with references; Nikoloudakis & Katsiotis 2008;
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Nikoloudakis et al. 2008; Peng et al. 2008 2010a, b; Shelukhina et al. 2008a, b; Morikawa &
Nishihara 2009; Badaeva et al. 2010a).

All species of Avena are annual and inbreeding, except for the Algerian mountain endemic A.
macrostachya which is perennial and outcrossing (Maire 1953, Saint-Yves 1931, Quézel &
Santa 1962, Baum & Rajhathy 1976). This species thus was occasionally ascribed to the
neighboring perennial genus Helictotrichon (Clayton & Renvoize 1986), but there is strong
evidence from the fields of morphology, crossing experiments and molecular systematics to
include it with genus Avena (Holub 1958; Baum 1968, 1977; Leggett 1990, 1991; Déring et al.
2007; Ddring 2009). The karyotype structure of A. macrostachya is intriguing. It resembles that
of perennial Aveneae genera, especially the recently described genus Tricholemma (Winterfeld
2006, Roser et al. 2009, Winterfeld et al. 2009a) and the A genome species of Avena with
prevailingly metacentric chromosomes (Rajhathy & Thomas 1974, Loskutov 2008, Badaeva et
al. 2010b), whereas hybrid meiosis, banding patterns and molecular characters point to rather
close affiliation with C genome species of Avena (Leggett 1990, 1991; Pohler & Hoppe 1991;
Leggett & Markhand 1995; Rodionov et al. 2005; Badaeva et al. 2010b).

Cytogenetics and Molecular Phylogenetics

Information on chromosome characters in the altogether c. 60-70 further genera of tribe
Aveneae as traditionally delineated (cf. Tzvelev 1976, Clayton & Renvoize 1986, Watson &
Dallwitz 1992) is rather scanty and much less detailed than for Avena. Exemplary counts of
chromosome numbers are available for many genera (IPCN 2014) and were reviewed by
Rodionov et al. (2007), but more detailed chromosome or molecular cytogenetic data have been
obtained in only few (e.g., Aira, Arrhenatherum, Avenella, Avenula, Deschampsia,
Helictochloa, Helictotrichon, Phalaris, Pseudarrhenatherum, Tricholemma, Zingeria; Albers
1980; Romero Zarco 1984, 1985a, b, c; Sauer & Heubl 1984; Roser 1989; Grebenstein 1992;
Garcia-Suarez et al. 19973, b; Li et al. 1997; Katsiotis et al. 2000; Roser et al. 2001; Mitchell et
al. 2003; Kotseruba et al. 2003, 2010; Heinrichsmeier 2005; Winterfeld 2006; Winterfeld &
Rdser 20073, b; Kim et al. 2009; Winterfeld et al. 2009a, b, 2011).

The direction of evolutionary change is frequently hard to assess for chromosomal characters.
Proposed “general” trends in the karyo-evolution of plants can often be read the other way
round, may be opposite even in closely related taxa and changes have frequently rather
quantitative than qualitative nature. For example, there is no unidirectional change in plant and
animal evolution from symmetric to asymmetric karyotypes (i.e., chromosome sets with
prevailingly metacentric to submetacentric versus subtelocentric to telocentric chromosomes),
from small to large chromosomes, from low to high proportions of highly repetitive DNA
(constitutive heterochromatin = C bands), or from small to large genomes (Levitsky 1931;
Stebbins 1971; White 1973; Jones 1977, 1978; Greilhuber & Ehrendorfer 1988; Kenton et al.
1993; Greilhuber 1995; Briggs & Walters 1997; Leitch et al. 2005). Until recently it was argued
there is one cytogenetic trait that never could be reverted, namely the change from diploidy to
polyploidy, meaning the multiplication of chromosome sets. However, findings in Arabidopsis
thaliana (with only 2n = 10) or maize (2n = 20) show the opposite, as both have polyploid
background and strongly restructured, entirely diploidized genomes (Swigonova et al. 2004; van
de Peer & Meyer 2005).

Molecular phylogenetic studies proved very useful to interpret changes in chromosome and
genome structure and can aid fundamentally to identify parallelism in chromosome characters or
character changes and the evolutionary direction of change(s). Chromosome characters can be
attached to a phylogenetic framework derived from a different set of characters and can be
compared with it, which allows to identify and trace the sequence of different changes in
chromosome structure along a likely phylogenetic branching of lineages and not only in terms
of predefined assumptions on chromosome evolution. It is shown here that several seemingly
identical characters in genomic or chromosome structure of Aveneae actually did not originate
simultaneously and at the same time in the evolution of this tribe. For example, absence of
certain satellite DNAs (satDNA) is shown as based on either primary absence or on secondary
loss from the genomes (for example, in Arrhenatherum elatius relative to Helictotrichon thorei).



The same applies to monoploid chromosome sets with one nucleolar organising region (NO,
NOR), which seemingly originated repeatedly from chromosome sets with two NORs (e.g.,
Arrhenatherum or in Avena, Helictochloa, Helictotrichon).

This report on chromosome evolution in Aveneae is mainly based on our results on cytogenetics
and molecular organization of ribosomal DNAs (rDNA) and satDNAs, their occurrence and
chromosomal disposition, and molecular phylogenetics of Aveneae (Grebenstein et al. 1998;
Roser et al. 2001; Winterfeld 2006; Déring et al. 2007; Winterfeld & Réser 2007a, b; Doring
2009; Schneider et al. 2009, 2011, 2012; Winterfeld et al. 2009 a, b, 2011, 2012, 2014; Wolk &
Raoser 2014) analyzed together with many other studies providing detailed cytogenetic results on
other genera or species, but with focus on the agriculturally important genus Avena (e.g.,
Rajhathy & Thomas 1974; Fominaya et al. 1988a, b; Grebenstein 1992; Grebenstein et al. 1995,
1996; Linares et al. 1992, 1996, 1998; Fominaya et al. 1995; Yang et al. 1999; Hayasaki et al.
2001; Irigoyen et al. 2001; Nikoloudakis et al. 2008; Shelukhina et al. 2008a, b; Badaeva et al.
2010a, b). Some of these investigations used only single or few species and have not been
viewed before in the light of a phylogenetic framework on Aveneae, which is currently
emerging. We further address some patterns in rDNA chromosomal localization, which are
remarkably conserved in evolution and the complicated patterns of polyploid origin and
allopolyploid speciation in Aveneae.

Results and Discussion
Satellite DNAS

SatDNAs are highly repeated non-coding motifs in the genomes, whose repeat units may consist
of few (microsatellites) to ca. 100 (minisatellites) or some hundreds of base pairs (cf. Csink &
Henikoff 1998, Sharma & Raina 2005, Hemleben et al. 2007, Mlinarec et al. 2009). For tribe
Aveneae, a couple of large and complex satDNAs have been isolated to date by restriction
enzyme digests of total genomic DNA and were characterized by sequence analyses. This was
done within genus Avena to trace species relationships and the allopolyploid origin of cultivated
oat, A. sativa (e.g., Linares et al. 1998, Li et al. 2000), but was also used for broader comparison
of different genera within tribe Aveneae (Grebenstein 1992; Grebenstein et al. 1995, 1996;
Winterfeld 2006; Winterfeld & Rdser 2007a; Winterfeld et al. 2009a).

Occurrence and distribution of the different satDNAs within the subfamilies or tribes of grasses
was previously rather inconclusive, but is becoming better understood with increasing
molecular phylogenetic knowledge on the family. SatDNA CON1 (365 bp in length;
Grebenstein et al. 1995, 1996; Alix et al. 1998) is seemingly widespread in the whole Poaceae,
although its occurrence has not yet been tested for subfamily Bambusoideae, the more basal
grass subfamilies and other families of order Poales as shown in Fig. 1.

Other satDNAs are confined to grass subfamily Pooideae, especially CON2 (562 bp), COM1
(345 bp) and COM2 (476 bp) and have most likely originated later in grass evolution than
CONL1 (Fig. 1). However, this is just one of two possible reconstructions: Following Fig.1,
satDNAs CON2, COM1 and COM2 could have the same or similar age as CON1, assuming that
the first were congruently lost in Panicoideae and Chloridoideae or their common ancestor and
in Ehrhartoideae, in contrast to CON1 which remained preserved in all of these subfamilies.
This solution would be equally parsimonious relative to the phylogenetic tree of Fig. 1.

Presence of the same satDNA is a reliable indicator of relatedness between different taxa, due to
the fact that such complex sequence motifs are unlikely to have multiple origins in evolution.
This is evident in grasses and known from many other groups of plants or animals (Koukalova
et al. 2010). Absence of a satDNA, conversely, is equivocal, because it may rest on either a
priori absence for a given taxon, its relatives and ancestors or, alternatively, is due to secondary
loss, thus representing an automorphic character relative to the ancestors. Both patterns are hard
to distinguish without a supported phylogenetic hypothesis.
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Fig. 1: Occurrence and distribution of satDNAs CON1, CON2, COM1, and COM2 in Poaceae compared with a
simplified maximum parsimony tree based on chloroplast matK gene sequences. The symbol + indicates presence of
a satDNA, ranging from weak (+) to strong signal intensity (++++) in Southern or dot blot hybridization and
fluorescence in situ hybridization. Absence is denoted as — and missing data by a question mark. Including data
from Grebenstein et al. (1996), Hilu et al. (1999), Winterfeld (2006), Déring et al. %2007), Winterfeld & Roser
(2007a). * Except for Helictotrichon desertorum and H. thorei with satDNA CONL1 and ° H. thorei additionally with
satDNA CON2 not present in high-copy number. Uncertain positions of character changes in tree polytomies,
whether in parallel or only once in the common ancestor, are shaded.

Second, the origin of a satDNA is not necessarily contemporaneous with its amplification.
Sequence motifs may persist in the genomes over long evolutionary times and many speciation
processes and may be amplified eventually much later to high copy number (‘library
hypothesis’; Salser et al. 1976, Ugarkovi¢ 2008), eventually in lineages already separated from
each other, meaning parallelism in a phylogenetic sense. The amplification pattern of satDNA
CONL1 in the subfamilies Panicoideae and Ehrhartoideae relative to Chloridoideae might be an
example (Fig. 1). Differential amplification of satDNAs is even more striking in subfamily
Pooideae, where amplification of satDNA COM2 occurred in parts of the Poeae lineage, but
seemingly not in the Aveneae lineage, whereas COM1 became amplified in parts of both
lineages, although to varying extent (Fig. 1).

Some of the genera tested so far share widely corresponding high-copy number inventories of
satDNAs, for example, Deschampsia s. str. with Holcus or Trisetum with Koeleria (Fig. 1). This
corroborates their intimate relationship, respectively, as suggested by morphological and
molecular phylogenetic results (Clayton & Renvoize 1986; Grebenstein et al. 1998; Doring et
al. 2007; Soreng et al. 2007; Quintanar et al. 2006, 2007; Déring 2009, Saarela et al. 2010).

The different representation of satDNAs in the genera Avenula, Helictochloa, Helictotrichon s.
str. and Tricholemma (Figs. 1, 3) agrees with their taxonomic treatment as separate genera
(Conti et al. 2005, Roser et al. 2009, Romero Zarco 2011), which is widely supported by



molecular phylogenetics (Grebenstein et al. 1998; Soreng & Davis 2000; Roser et al. 2001;
Ddéring et al. 2007; Quintanar et al. 2007; Ddéring 2009; Schneider et al. 2009; Saarela et al.
2010; Wolk & Roser 2013, 2014). The previous concept of a broadly defined genus
Helictotrichon including all these genera, eventually also Avena macrostachya and others (for
different views see Holub 1962, 1976, 1980; Tzvelev 1976; Conert 1979-1998; Clayton &
Renvoize 1986; Roser 1989, 1996, 1997; Lange 1995), thus is not corroborated by satDNA
distribution (Figs. 1, 3).

Still there is a rather complicated pattern of amplification and/or loss of satDNAs existing
within Helictotrichon s. str. Amplification of satDNA CON2 (Figs. 1, 2f, 3) occurred already in

Fig. 2: Fluorescent in situ hybridization of specific DNA probes to chromosome preparations (FISH). a
Arrhenatherum elatius (2n = 4x = 28) with four 185-26S rDNA sites and b 5S rDNA sites either colocalized with the
18S-26S rDNA (arrows), or situated in the opposite chromosome arm of the same chromosome (arrowheads) or in
chromosomes devoid of 185-26S rDNA. ¢ Allopolyploid and dysploid Deschampsia cespitosa (2n = 26) with four of
its six 185-26S rDNA sites and d some of its AT-rich heterochromatin bands localized in centromeric position,
giving evidence of chromosome fusions. e Helictotrichon sempervirens (2n = 6x = 42) with six 5S rDNA sites. f All
5S rDNA sites of H. sempervirens are colocalized with bands of the satDNA CON2, which otherwise are abundantly
present at the chromosome ends. g Chromosomes of Danthoniastrum compactum (2n = 24) of tiny size relative to the
species of Aveneae and in h with two 18S-26S rDNA sites (arrowed). Scale bars: 10 pm.
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the common ancestor of this group, but amplification of satDNA CONL1 and the origin of
extended AT-rich heterochromatin bands in the chromosomes followed later in evolution after
divergence of H. desertorum (Fig. 3), a geographically isolated and ecologically deviating
species growing under continental climate in the Eurasian steppe region (eastern Europe to
Siberia). Occurrence of CON2 in high-copy number and of AT-rich heterochromatin bands thus
is confined to the species-rich sister lineage of H. desertorum. This lineage is also differently
distributed, namely in the Mediterranean and its adjacent high mountains (N Africa, Minor
Asia, north to the Alps and the Carpathians). Based on molecular phylogenetic characters
especially of the nuclear genome (5S and 18S-26S rDNA spacers; cf. Roser et al. 2001,
Winterfeld et al. 2009a, Woélk & Roser 2014) the branching order of lineages within
Helictotrichon is now rather well resolved, whereas all chloroplast DNA markers tested to date
yielded only poor resolution (D&ring 2009 and unpubl. data). Helictotrichon encompasses in the
molecular phylogenies also the western Mediterranean traditional genus Pseudarrhenatherum,
distributed along the Atlantic coast from France to Morocco. It is firmly nested within the
Mediterranean-Alpine clade of Helictotrichon (H. convolutum, H. xkrischae, H. parlatorei, H.
sarracenorum, H. sedenense, H. setaceum; Fig. 3) and shares the occurrence of AT-rich
heterochromatin bands with it, but differs in the quantitative representation of the satDNASs in
the genome and some structural characters of the chromosomes from the remainder of this clade
(Figs. 3, 4c).

In view of the current molecular phylogenetic data we interpret these changes in H. pallens and
H. thorei of the former genus Pseudarrhenatherum as autapomorphic and obtained secondarily
(Fig. 3): diminution of satDNAs CON1 and CON2, loss of one NOR in the monoploid
chromosome set of x = 7 and translocation of 5S rDNA bands into NO chromosomes (cf.
below). Sequence organization of 5S rDNA additionally shows the deletion of 10 bp in the
spacer of Pseudarrhenatherum relative to the remainder of Helictotrichon (Rdser et al. 2001),
while the other parts of this spacer are nearly identical. This deletion represents a further
phylogenetically putatively autapomorphic change. The ancestor of this small lineage consisting
of only two species (H. thorei and H. pallens) seemingly underwent a dramatic change in
nuclear chromosomal and molecular organization.

Nucleolar Organizing Regions

NORs belong to the ‘physical landmarks’ on chromosomes, frequently visible as constrictions
in mitotic metaphase chromosomes, which are thus called ‘satellite chromosomes’. In the
absence of such constrictions NORs remain undetected by conventional chromosome methods
and can be demonstrated only by, for example, silver staining (Fig. 4 a—d) or DNA in situ-
hybridizations using site-specific rDNA probes (Fig. 2a, ¢, h). The latter identifies also rDNA
sites without nucleolar activity as found by silver impregnation (for discussion and references
see Winterfeld & Rdser 2007b).

The number of active NORs in taxa of Aveneae studied to date shows an only limited range of
variation in contrast to previous, partly contradictory reports based exclusively on conventional
chromosome staining. It is either one or two per monoploid chromosome set. Interestingly, the
respective number of NORs is sometimes typical of larger groups of species such as genera or
subgenera:

Mapping this character on the molecular phylogenetic tree for the taxa chromosomally studied
(Fig. 3) shows that the plesiomorphic character state was most likely two NORs per monoploid
chromosome set of x = 7 (Fig. 4a). For the taxa in question, this hypothesis is more
parsimonious than assuming one NOR as original (Fig. 4b, c), although the latter would be
sufficient in principle for the function of the nucleus and cell, as it is encountered in many other
plant and animal organisms. The present reconstruction means also that two NORs present in
most chromosome sets of genus Avena (oat) are not a special and secondarily obtained feature
of this prevailingly annual and thus somewhat ‘derived’ genus. It is shared as a plesiomorphic
character with most perennial genera of traditional Aveneae studied for this character
(Helictotrichon, Avenula, Tricholemma) and also Avena macrostachya, the only perennial
species of genus Avena.



Presence of only a single NOR in the monoploid set appears to represent a derived character
state, which is somewhat unexpected in view of deviant previous reports for the taxa in
guestion. It originated among the Avena diploids only in A. ventricosa (Fig. 3 with further
explanation on Avena polyploids in the legend), is characteristic of the two tetraploid species of
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satDNA COM2 present in low-copy number ;] amplification of COM2
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Arrhenatherum studied to date (cf. Fig. 2a) and occurs also in some diploid species of the
genera Helictotrichon and Helictochloa (Figs. 3, 4b). Within Helictotrichon, this character state
is confined as a seemingly autapomorphic character to the species traditionally treated under
genus Pseudarrhenatherum (H. thorei syn. P. longifolium, H. pallens syn. P. pallens; Figs. 3,
4c), whereas the other species of Helictotrichon, including its early-diverging H. desertorum
and H. sedenense lineages, have two NORs (Figs. 3, 4a).

An occurrence of two NORs as plesiomorphic is less firmly established, however, for the large
genus Helictochloa as delineated by Romero Zarco (2011), judging from its species studied to
date (Fig. 3). This character state is characteristic of a central to southeastern European lineage
composed of A. compressa, A. aetolica and A. versicolor (Fig. 3). The strictly western
Mediterranean species A. bromoides, A. albinervis, A. levis and A. marginata share the
occurrence of one NOR (Figs 3, 4b), however, they are not resolved as monophyletic by the
current molecular phylogenetic data sets (cf. caption to Fig. 3), which show A. bromoides sister
to the remainder of the genus. A transition from two to a single NOR thus has occurred in
Helictochloa likely twofold in the west Mediterranean taxa, once in A. bromoides and a second
time in the ancestor of the lineage of A. albinerve, A. levis and A. marginata (Fig. 3). The
opposite pattern implying a transition from one, considering this as hypothetically original
character state for Helictochloa, to two NORs would actually be equally parsimonious in Fig. 3.
However, this pattern seems to be less likely, mainly due to the sister relation between
Helictochloa and Avenula, the latter having again two NORs in the monoploid chromosome
sets.

5S rDNA

The 5S rDNA is situated in the chromosomes of higher plants (ferns, seed plants) usually in loci
separated from 185-26S rDNA, although there are exceptions (Garcia et al. 2009). Both types
of rDNA are required for ribosome biogenesis. 5S rDNA localizations, consisting of highly
repeated gene and intergenic spacer units, are identifiable in chromosomes only by in situ
hybridization. Among Aveneae studied to date for this character (Fig. 2), three patterns of
chromosomal 5S rDNA disposition are encountered, which seem to represent a comparatively
stable character of potential phylogenetic significance:

5S rDNA is localized in several genera and groups of closely related species exclusively in
chromosomes without NORs (Fig. 3). Examples are the species of Helictotrichon except for H.
thorei (syn. P. longifolium from traditional genus Pseudarrhenatherum), Tricholemma
jahandiezii and perennial Avena macrostachya. The same pattern is characteristic of the diploid
Avena species with the C genome (A. clauda, A. eriantha; cf. Fig. 3 with further details in the
caption, Linares at al. 1996, Shelukhina et al. 2008b) and the species of Agrostis, Deschampsia
and Holcus investigated to date (Winterfeld 2006, Winterfeld & Rdser 2007a, b). The exception
of traditional Pseudarrhenatherum is again interpreted as an autapomorphic character change
(Fig. 3; cf. above).

Fig. 3: Most parsimonious reconstruction of chromosome character changes according to a simplified maximum
parsimony dendrogram based on combined analyses of chloroplast matK and nuclear ITS1-5.8S gene—ITS2 and 5S
rDNA sequences with Bromus erectus (tribe Bromeae) as outgroup. Symbols + and — denote presence or absence of a
character. Missing data are indicated by a question mark. Chromosome characters partly from Rajhathy & Thomas
(1974), Romero Zarco (1985b, c), Linares et al. (1992, 1996, 1998), Grebenstein et al. (1996), Yang et al. (1999),
Irigoyen et al. (2001), Winterfeld (2006), Déring et al. (2007), Nikoloudakis et al. (2008), Shelukhina (2008a, b),
Winterfeld et al. (20093, b, 2012, 2014), Badaeva et al., (2010a, b). ® Tentatively attached to this branch, though
tested only for Helictotrichon thorei. ® This average value results from suppression of NORs: 6x ACD Avena sativa
(2n = 42) has six NO chromosomes, four of which belong to the D genome and two to the A genome (Linares et al.
1998; Irigoyen et al. 2002). © With additional minor sites of 185-26S rDNA in ACD and AB polyploids (Fominaya et
al. 1995; Linares et al. 1996; Yang et al. 1999; Hayasaki et al. 2001; Badaeva et al. 2010b). ¢ This finding of Rajhathy
& Thomas (1974) was corroborated later by silver staining (Fominaya et al. 1988a). ¢ With additional minor, but
nucleolar inactive sites of 185-26S rDNA (Fominaya et al. 1988a). f Tentatively attached to this branch, though
tested only for Arrhenatherum elatius.
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Fig. 4: Silver-impregnated preparations of metaphase chromosomes demonstrating nucleolar activity of the respective
18S-26S rDNA sites (arrowed). a Helictotrichon desertorum (2n = 14) with four NORs. b Helictochloa albinervis
(2n = 14) with two NORs. ¢ Helictotrichon thorei (2n = 14 + 1B) with two NORs. d Allopolyploid Helictochloa
cincinnata (2n = 4x = 28) with six NORs. The arrowhead in ¢ points to a supernumerary chromosome (B
chromosome) carrying a NOR. Scale bars: 5 um.

Other groups contain 5S rDNA sites simultaneously in chromosomes with and without NORs,
for example, the species of Helictochloa except for A. compressa, Avenula pubescens or
Helictotrichon thorei (syn. Pseudarrhenatherum longifolium) as an exception within the genus
Helictotrichon (Figs. 2a—b, 3 and legends). This type of distribution is encountered also in other
genera of Aveneae, such as the species of Amphibromus, Ammophila, Trisetum and Koeleria
studied to date (Winterfeld 2006, Winterfeld & Réser 2007b). The occurrence of 5S rDNA loci
exclusively in non-NO chromosomes found in Helictochloa compressa represents an obviously
autapomorphic character state of this species within the whole genus Helictochloa (Fig. 3). This
is based on the argument that 1) all other diploids of Helictochloa investigated to date share the
presence of 5S rDNA simultaneously in non-NO and NO chromosomes (Fig. 3; Winterfeld &
Roser 2007a, b, unpubl. data), 2) A. compressa diverges at one of the terminal nodes in the
molecular phylogenetic tree of this genus and 3) chromosomes of A. compressa deviate from
that of other diploids of the Helictochloa lineage also in further characters such as
heterochromatin proportions and the positions of NORs. This points to overall strong structural
rearrangements in the A. compressa genome relative to its congeners (Winterfeld & Rdser
2007a). Although not traceable in detail, we assume that all 5S rDNA sites were translocated to
non-NO chromosomes only secondarily in A. compressa.

The third pattern of rDNA arrangement, i.e., localization of 5S rDNA exclusively in NO
chromosomes has not been found to date in perennial Aveneae, but it was recently detected in
the A genome species of Avena (Shelukhina et al. 2008a, cf. Linares et al. 1996) and
additionally appears to represent a consistent character of this assemblage (A. canariensis, A.
damascaena, A. longiglumis, A. strigosa). In comparison with the other 5S rDNA localizations
found in Aveneae, the unique arrangement in the A genome species of Avena thus is highly
significant as a phylogenetically potentially synapomorphic character of the A genome species
group in Avena.

The original character state of 5S rDNA chromosomal localization in the chromosomes of
Aveneae (character 2 in Fig. 3) is difficult to reconstruct from the limited set of taxa studied
(Winterfeld et al. 2009a). It is most likely absence of 5S rDNA from NO chromosomes,
followed by an apomorphic change in the common ancestor of the Helictochloa/Avenula lineage
and a reversal in only a single species of Helictochloa, i.e., A. compressa (Fig. 3). The
plesiomorphic character state persisted more widely in the second major lineage, i.e., in
Tricholemma jahandiezii, Avena macrostachya, the C genome diploid species of annual Avena
and most of Helictotrichon including its early-diverging species H. desertorum and H.
sedenense (Fig. 3). 5S rDNA was translocated into NO chromosomes in this major lineage most
likely three times independently, namely in Arrhenatherum (cf. Fig. 2b) and in Helictotrichon
thorei, both of which still have 5S rDNA bands in non-NO chromosomes (Fig. 3 and legend). In
the A genome diploids of Avena all non-NO chromosomes are entirely devoid of 5S rDNA
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bands, phylogenetically interpreted here as a secondary translocation of all 5S rDNA bands
entirely into NO chromosomes characteristic of this lineage.

Translocation of 5S rDNA bands from non-NO to NO chromosomes was not linked with the
loss of one NOR per monoploid chromosome set encountered in Arrhenatherum and
Helictotrichon thorei, respectively and occurred in the A genome diploids of Avena without
change of the likely plesiomorphic number of NORs, which is still preserved in these species
(two per monoploid chromosome set).

Variability in chromosomal loci of 5S rDNA

The number of 5S rDNA sites does not follow a general pattern, judging from the comparatively
few taxa of Aveneae studied to date for this character. The number of sites is frequently four in
monoploid chromosome sets of x = 7, more rarely two. Slightly higher numbers are encountered
occasionally in single specimens of otherwise ‘orthodox’ species and are seemingly caused by
sporadic chromosome mutations reported, e.g., in Helictotrichon convolutum (Winterfeld 2006).

The number of 5S rDNA sites thus is in fundamental agreement with the number of two or four
NORs in the respective chromosome sets. However, there is no arithmetically absolutely strict
correspondence in the number of both rDNA sites:

1) Species with two NORs per monoploid chromosome set usually have also two 5S rDNA sites
in the chromosomes. This is seen in the C and A genome diploid species of Avena (Linares et al.
1996; Shelukhina et al. 20083, b), in Tricholemma jahandiezii, in most species of Helictotrichon
except for H. desertorum, in Avenula pubescens and in the lineage of species with two NORs
within genus Helictochloa (A. aetolica, A. versicolor; Fig. 3) except for A. compressa. Among
these two-NOR species, Helictotrichon desertorum has only a single 5S rDNA site, H. setaceum
has two or one. Helictochloa compressa deviates by the exceptional occurrence of altogether
three 5S rDNA sites (Winterfeld 2006, Winterfeld & Rdser 2007b), which is possibly linked
with other chromosomal re-organizations encountered in this latter species (see above).

2) Chromosome sets with a single NOR have either one (Helictochloa albinervis, A. levis, A.
marginata; cf. Winterfeld 2006, Winterfeld & Roser 2007b) or two 5S rDNA sites (e.g.,
Phalaris coerulescens; Li et al. 1997). In Helictochloa bromoides (Fig. 3) and Helictotrichon
thorei unstably one or two sites are encountered (Winterfeld 2006). Thus there is no firm
correlation between the number of both rDNA sites in the single-NOR species.

3) Most high polyploids, but already some tetraploids do not show any correlation between the
number of NORs and 5S rDNA sites of the chromosome sets they contain. Examples would be
the autotetrapolyploids Avena macrostachya with altogether eight NORs (~ two per
chromosome set) and 12 5S rDNA sites and Arrhenatherum elatius with only four NORs (~ one
per set; Fig. 2a) and altogether 14 5S rDNA sites (Fig. 2b). Chromosomal localizations of
‘additional’ 5S rDNA sites in such polyploids rest on mostly typical chromosome mutations
such as duplication of loci and pericentric inversions including break-points situated within 5S
rDNA bands (Winterfeld & Roser 2007b). These changes at the cytogenetic level appear to
belong to the processes discussed in terms of genomic stabilization and chromosomal
‘adjustment’ of polyploids (cf. Wendel 2000).

Other polyploids of Aveneae do not show major restructuring of their parental genomes on the
new polyploid background. This is seen even in allopolyploids, facing the ‘genomic shock’ of
simultaneously hybridity and polyploidy. A striking example is allopolyploid 4x Helictochloa
cincinnata with altogether six NORs (Fig. 4d), two of which stem from A. bromoides or a
genomically close relative and four from a species of the two-NOR branch of this genus (Fig.
3), but not identical with any of its known extant species (see below). The number of 5S rDNA
sites in A. cincinnata accessions is eight to nine, thus reflecting an overall conservation of 5S
rDNA sites of its parental genomes with most likely two 5S rDNA sites in each of it. Neither
autopolyploidy nor allopolyploidy thus are necessarily linked with changes in chromosomal
localization or multiplication of 5S rDNA sites (cf. Winterfeld et al. 2009b for further
discussion).
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Fig. 5: Variability and constraints in the chromosomal localizations of 5S rDNA relative to 185-26S rDNA bands
(NORs). a 5S rDNA bands are localized in chromosomes without NORs in any position between the centromere and
the telomeres (left), but occur in NO chromosomes only adjacent to the 18S-26S rDNA sites or distally to it, or in the
opposite chromosome arm in proximal chromosome regions (right). In the chromosome arm with the 18S-26S
rDNA, the chromosome regions proximal to it are devoid of 5S rDNA. If 5S rDNA occurs in the opposite arm, the
chromosome segment distal the distance between the centromere and the 18S-26S rDNA is devoid of 5S rDNA. b
Schematic representation of anaphase movement in a chromosome containing simultaneously a NOR and 5S rDNA.
The chromosome regions containing 5S rDNA bands (dotted lines) are expected to be spatially closer to the nucleolus
formed in the following interphase than the chromosome regions in which 5S rDNA is absent. Modified from
Winterfeld & Rdser (2007b).

Constraints in the Arrangement of 5S rDNA

The localization of 5S rDNA sites is highly variable in chromosomes without NORs, their
position ranging then from near telomeric to near centromeric, though with a prevalence at
intercalary sites of either the long or the short chromosome arm (Fig. 5a). 5S rDNA sites located
within NO chromosomes, by contrast, are much less varied in chromosomal disposition and are
confined to special chromosomal regions. Their position depends on the respective position of
the NOR within the same chromosome (Fig. 5a and legend; for further discussion see
Winterfeld & Rdser 2007b). Due to this constraint, interpreted as based on interphase nucleus
organization (Fig. 5b and legend), different types of arrangement of 5S rDNA in the
chromosomes with NORs are not a priori a reliable taxonomic character, because most 5S
rDNA positions found in NO chromosomes of Aveneae can be converted into each other by
well-known and frequently occurring chromosome mutations as inversions by either involving
or excluding the 185-26S rDNA sites (see Fig. 2b; Winterfeld & Roser 2007b, Winterfeld et al.
2009a). The general pattern of spatial dependence of 5S rDNA from 18S5-26S rDNA sites in
NO chromosomes is kept also in polyploids of Aveneae despite otherwise structural
rearrangement in the chromosomes (Winterfeld 2006 and unpubl. data), thus additionally
excluding a general taxonomic significance of the particular 5S rDNA localizations in NO
chromosomes.

5S rDNA is sometimes colocalized in Aveneae with either 185-26S rDNA (Fig. 2a-b) or, more
frequently, with satDNA CON2 (Fig. 2e—f). The first pattern, we assume, has nothing to do with
an insertion of the 5S rDNA gene into 185-5.85-26S repeat stretches (see Garcia et al. 2009)
and represents only an intermingled occurrence of both repetitive DNAs at the same
chromosome site. The second pattern of colocalization of 5S rDNA with bands of satDNA
CONZ2 is frequent in species of genus Helictotrichon, but is encountered also, for example, in
Koeleria cristata or Cynosurus cristatus. In each of the latter species all CON2 bands are even
localized in 5S rDNA sites (Winterfeld 2006). However, satDNA CONZ2 did not originate from
5S rDNA such as found for satDNAs of rice (Dong et al. 1998), because both sequences have an
homology of only c. 50% (Winterfeld & Roser 2007a). It is likely that CON2 repeats are
interspersed in all of these instances within the 5S rDNA, but this needs to be tested
experimentally.
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Speciation and Polyploidy

Grasses rank among the families of angiosperms with generally high rates of polyploidy.
Already in the pre-genomic era the proportion of polyploids was estimated as higher than 80%
(de Wet 1987). Origin of polyploids, derived either via auto- or allopolyploidy, is
cytogenetically usually much easier to trace in annual grasses than in perennials. This is due to
the fact that annuals tend to have more strongly differentiated chromosomes (size, shape, etc.)
within their chromosome sets (e.g., Avena, Aira; Rajhathy & Thomas 1974, Heinrichsmeier
2005), facilitating also to identify such chromosome sets in polyploids. Chromosomes of
perennials mostly look like each other in conventional staining methods, making it difficult to
trace the origin of their polyploids.

A combined molecular cytogenetic and DNA sequence-based approach for a species complex of
Mediterranean perennials of genus Helictochloa (A. bromoides species group comprising A.
bromoides s. str. and at least six further species) with comparatively weak morphological
differences between the individual species reveals that all polyploids studied to date are
allopolyploids, i.e. they contain different genomes in combination. Notably, following the broad
species concept for these grasses employed till the 1980s with only a single collective species
acknowledged, viz. A. bromoides s. lat.,, polyploidy in this species complex would have
erroneously become interpreted a ‘typical instance’ of infraspecific autopolyploidy.

The A. bromoides species group contains only one extant diploid species, i.e. widespread
western Mediterranean A. bromoides s. str., and a high number of polyploids up to 18x with
partly narrow geographical distribution in the Mediterranean. The most widespread polyploid is
4x A. cincinnata distributed in the southern Mediterranean (N Africa and Sicily). Its karyotype
points to allopolyploidy as seen already from the presence of six NO chromosomes (Fig. 4d),
which rests on a combination of chromosomes sets with one and two NORs, which are known
to occur within this genus (see above). Chromosome structure investigated by further
cytogenetic markers reveals that the genome of A. bromoides or a highly similar one is present
in A. cincinnata, whereas the second, termed Genome | in Fig. 6, is not known from other
diploids of Helictochloa studied to date (Winterfeld et al. 2009b).

Sequence analyses of cloned ITS1-5.85-1TS2 rDNA repeat units corroborate the presence of
the A. bromoides repeat type (sequence CIN3 in Fig. 7) in 4x A. cincinnata, together with a
prevailing repeat hitherto not known from diploids (the other repeats with acronym CIN in Fig.
7) stemming from the two-NOR genome present in A. cincinnata (Fig. 6). Other polyploids of
the A. bromoides species group studied so far, i.e., 4x-8x plants of A. gervaisii of the western
Mediterranean, show the presence of a further genome (Genome Il in Fig. 6) carrying an ITS1—
5.85-1TS2 rDNA repeat type (with acronyms GEA and GER in Fig. 7) different from that
encountered in A. cincinnata. The typical Bromoides repeat type is not preserved in any of the
cytotypes of polyploid H. gervaisii examined, but there are repeats with mosaic character in
combining sequence motifs of the Bromoides and Genome Il repeats (e.g., repeats GARD5,
GER4, GERS in Fig. 7). There are signs of ongoing sequence homogenization between the
different parental genomes in these allopolyploid grasses (see Winterfeld et al. 2009b for
details), comparable to examples of allopolyploids studied in other plant families (e.g.,
Gossypium, Nicotiana, Tragopogon; Wendel et al. 1995; Lim et al. 2004, 2008; Kovarik et al.
2005).

One of the most surprising findings, however, is the strong physical conservation of NO sites
from the parental genomes in the chromosomes of these allopolyploids of Helictochloa despite
strong changes in the rDNA repeats they harbor. Second, change at the sequence level in this
repetitive 1TS1-5.85-1TS2 rDNA is not exclusively due to genetic mechanisms as gene
conversion or unequal crossing over, but is somewhat ‘patchy’ by involving stepwise molecular
exchanges (see Winterfeld et al. 2009b, 2012, 2014 for details).

Unorthodox Patterns?

Deschampsia cespitosa (2n = 26) ranks among the species with a monoploid chromosome set of
apparently either x = 13 or x = 7. The first would be exceptional (although likewise found in the
related monotypic genus Scribneria; see Schneider et al. 2012) within Aveneae, which usually
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Helictochloa hookeri

Helictochloa
bromoides

Fig. 7: Unrooted maximum parsimony
dendrogram of cloned nuclear rDNA ITS1-
5.8S gene-ITS2 sequences in 2x Helictochloa
bromoides, 4x A. cincinnata (CIN), 4x A.
gervaisii subsp. arundana (GAR), 6x subsp.
arundana (GEA), 8x subsp. gervaisii (GER)
and a sequence of A. hookeri. Clusters with the
sequence type of the Bromoides genome are
unshaded, clusters of sequences from Genome |
appear in light and that from Genome Il in dark
shading. Recombinant ‘mosaic’ or ‘chimerical’
sequences in A. gervaisii subsp. gervaisii and
subsp. arundana with sequence motifs of the
Bromoides sequence type have chequer-board
pattern. Bootstrap values above 50 are
indicated. Modified from Winterfeld et al.
(2009b).

have x = 7, whereas it is rather typical of early-diverging tribes within the entire subfamily
Pooideae. The latter would imply polyploidy with a dysploid chromosome number change
either before or after polyploidization. Such polyploid-dysploid origin of D. cespitosa is very
likely, based on the uncommon occurrence of 185-26S rDNA sites close to the centromere in
some of its chromosomes (Fig. 2c) and additionally the bands of AT-rich heterochromation
found in intercalary chromosome positions (Fig. 2d), both pointing to Robertsonian
chromosome fusions. The chromosome complement of polyploid-dysploid D. cespitosa thus
seems to be derived from a monoploid set of originally x = 7 with comparatively large
chromosomes typical of the Aveneae lineage.

Danthoniastrum compactum, sometimes considered as belonging to tribe Aveneae (e.g., Clayton
& Renvoize 1986), also has a comparable high chromosome number of 2n = 24 (Fig. 2g-h;
Winterfeld 2006), though erroneously reported before as 2n = 14 (Kozuharov & Petrova 1991).
The minute chromosome sizes in D. compactum, together with the presence of only a single pair
of NO chromosomes in the diploid chromosome complement point to a misplacement of this
genus in tribe Aveneae and its likely affiliation with early-diverging lineages of the entire
subfamily Pooideae. This has been corroborated by molecular phylogenetics, showing
Danthoniastrum nested along with other genera among within the the earliest branches of this
subfamily, much in contrast to Deschampsia (Doéring et al. 2007; Schneider et al. 2009, 2011).

Outlook

Combining DNA-based molecular phylogenetic approaches with classical and molecular
cytogenetics has enabled many new insights on grass genome evolution, but studies of this kind
are in general quite rare, even within major crop plant genera. The preliminary results presented
on some Aveneae point to rather unexpected genomic and chromosomal relations between
genera or groups of species previously considered as rather disparate. This is especially well
visible in genus Avena (oat) whose closest extant relatives are becoming increasingly better
identified. Ongoing progress in identifying the major and minor lineages of grasses
(subfamilies, tribes, groups of genera, etc.) based on molecular phylogenetics complement
previous and exclusively morphology-based treatments. It has strongly impacted the view on
chromosome number evolution in grasses (Hilu 2004), but the molecular cytogenetic
background of such change is still incompletely resolved even within comparatively small
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taxonomic groups such as the few genera of Aveneae discussed here. Gain, amplification,
change, or loss of sequences, together with a capability to restructure the karyotype within
comparatively short evolutionary time spans belong to the main features seen in the
chromosomal change within Aveneae, yet their role is far from being understood in the complex
evolution of grass genomes.
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