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Abstract
Polyploidisation—and, additionally, agmatoploidy (concerted fission of chromosomes) in some plant groups—have sig-
nificantly contributed to the diversification of alpine plant species. Both processes have driven the diversification of Luzula 
sect. Luzula, leading to a number of different karyotypes, rendering it one of the most intricate plant groups in the Alps. For 
the Eastern Alps eight species with six karyotypes were reported, but their distribution is insufficiently known. A herbarium 
revision of 1044 specimens revealed that L. alpina, L. campestris, L. exspectata, L. multiflora and L. sudetica are widespread 
across the Eastern Alps; L. exspectata is thus new for the Northern Alps and new for Germany, France and possibly Croa-
tia. Luzula divulgata is distributed in the easternmost Alps and adjacent areas, with only a few indications for the western 
Eastern Alps. Luzula divulgatiformis is new for the Alps where it was recorded in the Southern Alps and southerly adjacent 
areas. Luzula campestris, L. divulgata and L. divulgatiformis are distributed from lowlands to the montane belt, L. alpina, 
L. exspectata and L. sudetica are high-elevation species and L. multiflora occurs from lowlands to the alpine belt. Addition-
ally, we estimated genome size (GS) and karyotypes for 20 populations and revealed four karyotypes corresponding to three 
ploidy levels. The GS of diploid L. exspectata and L. sudetica was 0.83 pg DNA, tetraploid L. alpina had a double (1.63 pg) 
and hexaploid L. multiflora a triple (2.48 pg) GS. Our study underlines the importance of large-scale herbarium revisions 
of intricate taxa, combined with cytological methods, even in well-studied mountain areas such as the Alps and poses new 
hypotheses regarding the evolution of this polyploid–agmatoploid group.
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Introduction

With more than 4000 vascular plant species, the Alps are 
one of the hotspots of European biodiversity, harbour-
ing many endemics; in many respects they are the best-
studied mountain range of the world (Merxmüller 1952, 
1953, 1954; Pawłowski 1970; Tribsch and Schönswetter 

2003; Tribsch 2004; Schönswetter et al. 2005; Aeschimann 
et al. 2004, 2011a, b; Taberlet et al. 2016; Kadereit 2017). 
The Eastern Alps, harbouring 3720 vascular plant taxa 
(Aeschimann et al. 2011b) consist of the siliceous Cen-
tral Alps flanked to the south and north by the peripheral 
Southern and Northern Limestone Alps (Möbus 1997). 
This tripartite structure of different bedrocks highly affects 
the distribution ranges of alpine plants, as substrate is one 
of the key factors influencing plant distributions (Alva-
rez et al. 2009). There are several calciphilous species 
restricted to either the calcareous Southern or North-
ern Alps and some taxa occur in both mountain ranges 
(Merxmüller 1952, 1953, 1954). Especially the Southern 
Alps are rich in endemics (Pawłowski 1970; Tribsch 2004; 
Kadereit 2017) as the southern margin of the Eastern Alps 
acted as a major refugium for calcicolous plants during the 
Last Glacial Maximum (Tribsch and Schönswetter 2003), 
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when the Eastern Alps were almost entirely covered with 
a continuous ice sheet (van Husen 1987).

One of the plant groups in which species distribution 
ranges in the Eastern Alps have likely been influenced both 
by the bedrock (Aeschimann et al. 2004) and the Pleis-
tocene glaciations is Luzula sect. Luzula (Juncaceae). It 
comprises 59 species and numerous infraspecific taxa, 
which are very similar in habit and difficult to distinguish 
morphologically (Záveská Drábková 2013). The main dif-
ferences are in minor quantitative traits, which are very 
variable (Kirschner 1993, 2002; Bačič et al. 2007b, 2016). 
For a reliable identification of taxa, genome size (GS) data 
coupled with karyological investigations are ideal, but 
time consuming to obtain; furthermore, the latter rely on 
freshly collected seeds. This approach is thus not suitable 
for large-scale studies, but can be substituted by detailed 
revision of herbarium specimens employing measurements 
of micromorphological characters.

Diversification of Luzula has been strongly influenced by 
polyploidisation, which was an important driving force in 
the evolution of Angiosperms (Soltis et al. 2009; Husband 
et al. 2013; Weiss-Schneeweiss et al. 2013) and is also one of 
the major factors affecting high mountain biodiversity in the 
Alps (Burnier et al. 2009; Guggisberg et al. 2009; Casazza 
et al. 2012; Pachschwöll et al. 2015). Contrary to true poly-
ploidy, where GS at least initially increases linearly with the 
increased ploidy level, in the case of agmatoploidy (Malhei-
ros and Gardé 1950; Löve et al. 1957; Luceña and Guerra 
1996) the increase in chromosome number is not correlated 
with an increase of GS; instead, the nuclear DNA amount is 
retained (Mello-Sampayo 1961; Bačič et al. 2007a; Guerra 
2016). Agmatoploidy is based on fission of holocentric 
(holokinetic) chromosomes; in contrast to the “normal type” 
of monocentric chromosomes, where spindle microtubules 
attach to a single kinetochore during mitosis or meiosis, in 
holocentric chromosomes they attach along the whole length 
through diffuse kinetochores (Bureš et al. 2013). In addition, 
holocentric sister chromatids are interconnected along their 
whole length before anaphase disjunction and their frag-
mentation is thus not necessarily deleterious as the frag-
mented parts are successfully segregated in daughter nuclei 
(Nordenskiöld 1951; Haizel et al. 2005; Nagaki et al. 2005; 
Bozek et al. 2012; Bureš et al. 2013; Guerra 2016). The term 
agmatoploidy was in the past applied also for the opposite 
process, that is the concerted fusion of holocentric chromo-
somes, generating a karyotype with only half of the original 
chromosome number, but Luceña and Guerra (1996) intro-
duced the term symploidy for this phenomenon. In addition 
to complete agmatoploidy and symploidy also partial agma-
toploidy and symploidy have been observed, with only a 
subset of chromosomes in the nucleus fragmented or fussed 
resulting in a continuous series of chromosome numbers 
(Kirschner 1992a; Guerra 2016; Bureš et al. 2013).

Holocentric chromosomes alongside agmatoploidy and/
or symploidy have been observed in at least nine animal and 
at least five angiosperm lineages (Melters et al. 2012; Bureš 
et al. 2013), namely Cyperaceae/Juncaceae/Thurniaceae 
(Nordenskiöld 1951; Löve et al. 1957; Hipp et al. 2009; 
Bozek et al. 2012), Chionographis (Melanthiaceae; Tanaka 
and Tanaka 1977), Cuscuta (Convolvulaceae; Pazy and Plit-
mann 1995), Droseraceae (Melters et al. 2012; Kolodin et al. 
2018) and Myristica (Myristicaceae; Flach 1966), but might 
be even more common (Zedek and Bureš 2018). In Luzula 
true agmatoploidy and symploidy were observed, whereas 
in other taxa only partial agmato—and/or symploidy were 
evidenced (Guerra 2016).

Whereas in the case of true polyploidy the monoploid GS 
can decrease significantly after polyploidisation, a phenom-
enon termed genome downsizing (Verma and Rees 1974; 
Leitch and Bennett 2004; Renny-Byfield et al. 2013), little 
is known about the changes in GS in the case of agmatop-
loidy (Guerra 2016). Agmatoploids should have DNA con-
tents similar to their original, non-fragmented complements 
(Guerra 2016), which was confirmed by early DNA content 
estimations based on arbitrary values obtained from photo-
metric studies in Luzula species (Halkka 1964). However, 
later studies revealed quantitative changes in the DNA con-
tent of members of agmatoploid series (e.g., Barlow and 
Nevin 1976). Such changes can, similarly as in organisms 
with monocentric chromosomes, be connected to prolif-
eration or removal of retrotransposons, which can act very 
rapidly over short evolutionary periods (Zedek et al. 2010; 
Bureš et al. 2013). Nishikawa et al. (1984) and Roalson 
et al. (2007) observed a decreasing GS in correlation with 
increasing chromosome number in holocentric Carex and 
related genera, which could be explained by the loss of min-
ute chromosome fragments during chromosomal fission or 
by an unrecognised mechanism of DNA diminution (Bureš 
et al. 2013). On the contrary, Schönswetter et al. (2007) sug-
gested processes such as heterochromatin amplification to be 
responsible for a GS increase of only 6% in Juncus biglumis 
L. after doubling of 60 chromosomes, but were not able to 
confirm that the increase in chromosome number was indeed 
due to agmatoploidy.

The basic chromosome number in Luzula is assumed 
to be x = 6, which can be altered due to polyploidy, agma-
toploidy and symploidy, leading to a somatic chromosome 
number ranging from 6 to 66 (Bozek et al. 2012). As a result 
of agmatoploidy, chromosomes of three different sizes have 
been reported. The largest, full-size chromosomes are des-
ignated as AL-type, intermediate, half-size chromosomes 
as BL-type, and the smallest, quarter-size chromosomes as 
CL-type (Nordenskiöld 1951; Bačič et al. 2007a; Bozek 
et al. 2012). Alongside agmatoploidy, true polyploidy also 
played an important role in the diversification of Luzula sect. 
Luzula (Malheiros and Gardé 1950; Nordenskiöld 1951, 
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1956; Kirschner 1992a, b; Bačič et al. 2007a; Bozek et al. 
2012). The most common karyotypes in the section are thus 
attributable to either true polyploidy (2n = 12 AL, diploid; 
2n = 24 AL, tetraploid; 2n = 36 AL, hexaploid), complete 
agmatoploidy (2n = 24 BL, 2n = 48 CL) or mixed karyo-
types, i.e., partial agmatoploidy (2n = 12 AL + 24 BL) (Nor-
denskiöld 1951, 1956; Kirschner 1992a, 2002; Bačič et al. 
2007a; Bozek et al. 2012; Záveská Drábková 2013; Bačič 
et al. 2016). In a phylogenetic study of Luzula based on plas-
tid trnL-F and internal transcribed spacer (ITS) sequences 
(Bozek et al. 2012), relationships among the Alpine spe-
cies and most other members of L. sect. Luzula remained 
unresolved, rendering conclusions regarding the direction 
of chromosome evolution difficult.

The distribution of species of L. sect. Luzula is insuf-
ficiently known due to frequent misidentifications (Bačič 
et al. 2007b) and the recent description of two new spe-
cies, rendering many previous records unreliable (Bačič 
et al. 2007a). Before the two new species were discovered 
based on their peculiar karyotype, plants belonging to L. 
exspectata were mostly treated as L. alpina, L. multiflora 
and L. sudetica (particularly in Slovenia) or remained uni-
dentified as L. multiflora agg., whereas those belonging to 

L. divulgatiformis were identified as L. campestris, L. mul-
tiflora and L. campestris agg. (Bačič et al. 2007a, b; Bačič, 
personal observations). For the Alps six species from L. sect. 
Luzula have been reported by Aeschimann et al. (2004). 
Later, L. exspectata Bačič & Jogan has been described from 
the Southern Alps, and L. divulgatiformis Bačič & Jogan 
from southerly adjacent areas (Bačič et al. 2007a, b). Both 
were discovered also in the Balkan Peninsula (Bačič et al. 
2016), indicating that they might be more widespread, sug-
gesting the occurrence of eight species in the Alps (Table 1).

Luzula campestris (L.) DC. s. str. and L. pallescens Sw. 
are diploid (2n = 12 AL), the former is distributed in Europe 
and North Africa (Kirschner 2002) and widespread in the 
Alps (Aeschimann et al. 2004; Fischer et al. 2008). The 
latter is widely distributed in northern Eurasia (Kirschner 
2002), whereas in the Alps only a few localities in Austria 
have been reported (Fischer et al. 2008). True polyploids 
reported for the Alps are tetraploid (2n = 24 AL) and hexa-
ploid (2n = 36 AL) populations of L. multiflora (Ehrh.) Lej. 
s. str. and tetraploid (2n = 24 AL) L. divulgata Kirschner. 
Luzula multiflora is a widespread and variable species, dis-
tributed in North America and Eurasia and introduced to 
many other areas (Kirschner 2002); it is also common in 

Table 1  Eastern Alpine species of Luzula sect. Luzula with their 
respective genome and distribution data. The karyotype is described 
by chromosome number and type (AL: full-size chromosome; BL: 
half-size chromosome; CL: quarter-size chromosome). The genome 
size (2C-value) is presented as mean value ± standard error; the num-

ber of measured population is given in parentheses (combined data 
from this study, Bačič et  al. 2007a, 2016, for L. pallescens from 
Kirschner 2002). General distribution data follow Kirschner (2002), 
Bačič et  al. (2016) and this study; elevation and bedrock data are 
from this study and are, therefore, lacking for L. pallescens 

Taxon Ploidy level Karyotype 2C-value (pg DNA) General distribution Distribution in the 
Eastern Alps

Elevation (m a.s.l.) 
and bedrock in the 
Eastern Alps

L. alpina 4x 12 AL + 24 BL 1.70 ± 0.06 (9) Alps and E Pyrenees Widespread; most 
common in Central 
Alps

1250–2650; mostly 
siliceous

L. campestris 2x 12 AL 0.96 ± 0.03 (6) Europe and N Africa Widespread 80–2100; unspecific
L. divulgata 4x 24 AL 1.89 ± 0.02 (2) NE, Central, E and 

SE Europe
Easternmost Alps, 

isolated localities 
in Southern and 
Northern Alps

200–500; mostly 
siliceous

L. divulgatiformis 2x 24 BL 0.83 ± 0.03 (5) Southern Alps, Po 
Plain, Balkan Pen-
insula (N and NE 
Adriatic area)

(Submediterranean) 
S margin of South-
ern Alps

20–1000; mostly 
calcareous

L. exspectata 2x 24 BL 0.92 ± 0.02 (42) Eastern Alps, Balkan 
Peninsula

Widespread 550–2500; mostly 
calcareous

L. multiflora ssp. 
multiflora

Europe, W Asia, N 
America

Widespread 150–2600; unspecific

 Tetraploid 4x 24 AL 1.88 ± 0.04 (8)
 Hexaploid 6x 36 AL 2.64 ± 0.05 (13)

L. pallescens 2x 12 AL 0.87 N Eurasia Easternmost Alps, 
isolated localities 
in Eastern Alps

/

L. sudetica 2x 48 CL 0.86 ± 0.03 (9) Europe Widespread 800–2300; mostly 
siliceous
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the Alps (Aeschimann et al. 2004). On the other hand, L. 
divulgata is an European species distributed from eastern 
Sweden and northern Poland over Central Europe to Bul-
garia and Bosnia and Herzegovina (Kirschner 2002); in the 
Alps, this species has only been reported for the easternmost 
Northern Alps in Austria (Aeschimann et al. 2004; Fischer 
et al. 2008).

In addition, three true agmatoploid species have been 
reported or are expected in the Alps. Luzula exspectata and 
L. divulgatiformis have half-sized chromosomes (2n = 24 
BL). The former is known from the Southern Alps (Bačič 
et al. 2007a, b) and the Balkan Peninsula (Bačič et al. 2016), 
whereas the latter has up to now only been recorded for 
the Balkan Peninsula (Bačič et al. 2007a, b, 2016). The 
only species with quarter-sized chromosomes (2n = 48 CL) 
reported for the Alps, where it is widespread (Aeschimann 
et al. 2004), is L. sudetica (Willd.) Schult. It is distributed 
from Iceland and Scandinavia in the north to the Pyrenees, 
northern Italy and the Balkan Peninsula in the south (Kirsch-
ner 2002). The only species in the Alps with a peculiar 
mixed karyotype (2n = 12 AL + 24 BL) is L. alpina Hoppe, 
which probably originated after hybridisation of two spe-
cies and polyploidisation and is thus considered an allopoly-
ploid partial agmatoploid (Kirschner 1992a). It is a common 
species in the Alps (Aeschimann et al. 2004), which has 
a disjunct partial distribution area in the eastern Pyrenees 
(Kirschner 2002). Whereas L. campestris, L. divulgata,  
L. divulgatiformis, L. multiflora and L. pallescens are mostly 
distributed in lowland, colline and montane zones, L. alpina,  
L. exspectata, L. multiflora and L. sudetica are typical spe-
cies of the subalpine and alpine vegetation belts (Aeschi-
mann et al. 2004; Bačič et al. 2007a, b).

Taking into account the morphological similarity of the 
taxa and frequent misidentifications, our aim here is to con-
tribute to the knowledge of the distribution of the mostly 
mountain-dwelling taxa from Luzula sect. Luzula in the 
Eastern Alps. This is the first large-scale chorological study 
since the description of L. divulgatiformis and L. exspectata. 
Our study is based on the revision of 1044 herbarium speci-
mens from eight herbaria, covering mostly the Eastern Alps, 
but providing some data also for the Western Alps (e.g., for 
the Aosta valley). Our specific aims are to test (1) whether 
L. divulgatiformis and L. exspectata have crossed the main 
chain of the Central Alps and can also be found in the North-
ern Alps and (2) whether there are differences in the dis-
tribution of species with respect to substrate (siliceous vs. 
calcareous) and elevation. In addition, we (3) provide addi-
tional GS and karyological data for the Alpine populations 
and (4) test whether changes in GS (i.e., genome increase 
or downsizing) occurred after polyploidisation and agma-
toploidisation in Luzula sect. Luzula, taking into account 
all previously published GS data obtained with the same 
methodology.

Materials and methods

Revision of herbarium material and distribution 
maps

We revised 1044 specimens from herbaria (abbreviations 
follow Thiers 2016) in Austria (IB, WU, private herbar-
ium collection W. Gutermann), Italy (AO, ROV, private 
herbarium collections C. Argenti from Belluno, M. Bovio 
from Aosta valley, F. Martini from Lombardia) and Slo-
venia (LJU; see Online Resource 1 for details); some of 
these specimens were collected by us between 2007 and 
2012. Even if several herbaria were examined, most of 
them contain specimens from specific geographic regions 
of the Alps, notable exceptions being WU and the pri-
vate herbarium collection W. Gutermann. Consequently, 
the distributional data presented here are geographically 
biased and some regions remain poorly sampled, but we 
are confident that the available data allow for general con-
clusions about the distribution of the investigated species 
in the Eastern Alps.

Plants were identified by T. Bačič using identification 
keys and other relevant literature (e.g., Kirschner 1993, 
1994, 2002; Bačič et al. 2007a, b, 2016; Pignatti 2017); 
the most important characters are described below and can 
also be found in the identification key (see Results). The 
identification of the majority of the specimens could not be 
verified karyologically (for the others see below); rather, 
we estimated the ploidy level of the plants by measuring 
stomatal lengths as suggested by Jarolímová and Kirsch-
ner (1995) and utilised by Bačič et al. (2007a, b, 2016). 
The maximal length of the guard cells of 20–25 stomata 
was measured in the middle of the second cauline leaf 
from the top (abaxial epidermis of rehydrated herbarium 
material). Plants with stomatal lengths < 38 μm were con-
sidered diploid and those with stomatal lengths > 40 μm 
to be polyploid, whereas those in-between were classified 
as uninformative.

Luzula campestris and L. divulgata have globular seeds 
with large caruncles, long anthers with short filaments, 
long styles and stigmas. Luzula campestris has under-
ground stolons and an almost smooth margin of cauline 
leaves, whereas L. divulgata is caespitose without stolons, 
and has densely papillose–serrate cauline leaf margins. 
All other studied species differ from the two in having 
ovoid, oblong–ovoid or ellipsoidal seeds with shorter 
caruncles and anthers. In general habit, L. divulgatiformis 
resembles L. divulgata, but in size of flower characters it 
approaches lowland forms of L. multiflora with its styles, 
stigmas and anther/filament length ratio somewhat longer 
than in L. multiflora. The stomatal length clearly distin-
guishes diploid L. divulgatiformis [(24) 30–37 (38) μm] 
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from polyploid L. multiflora [(37) 39–48 (54) μm]. Luzula 
pallescens, which is frequently confused with pale forms 
of L. multiflora, is well characterised by having very 
small seeds and cylindrical clusters of many small flow-
ers with pale tepals. An important, though less practical 
characteristic of L. pallescens is that its peduncles are 
densely papillose (at least in the upper half, viewed best 
at 150× magnification).

Of the investigated high mountain species, L. sudetica 
is morphologically the most distinct, recognisable by small 
seeds with very short caruncles and relatively small flower 
parts with dark tepals and capsules. Luzula alpina is charac-
terised by dark brown to blackish flowers with long acumi-
nate tepals, relatively large flower parts and seeds, often 
congested inflorescences and conspicuously broad basal 
leaves (Kirschner 1993). Mountain forms of Luzula multi-
flora can be very similar to L. alpina, dark-flowered, with 
similar seed, stamen and style/stigma characters and some-
times even with congested inflorescences, but their basal 
leaves are not conspicuously broad. As they are of the same 
ploidy, stomatal lengths and genome size measurements are 
not useful to distinguish them. Luzula exspectata is mor-
phologically similar to L. alpina and the mountain form of 
L. multiflora, it strongly overlaps with these two species in 
floral and seed characters, and is rather variable in the width 
of the basal leaves and inflorescence habit, which is usually 
partly congested. However, as L. exspectata is diploid, it can 
be differentiated from polyploid L. alpina and L. multiflora 
by having shorter stomata and smaller genome size.

Species distribution maps of all revised specimens were 
produced in ArcGIS 10.3 (ESRI, Redlands, California, 
USA). As most of the specimens were lacking coordinates, 
we determined them approximately, using Google Earth, 
Austrian Map online (http://www.austr ianma p.at) and Geo-
pedia (www.geope dia.si). Most of the coordinates in Online 
Resource 1 are thus imprecise, but serve well for display-
ing general distribution patterns. In addition, we obtained 
data on elevational distribution of the taxa from herbarium 
labels; in cases where an elevation range was given on the 
herbarium label, both the minimum and maximum values 
were considered. The number of elevation data was N = 99 
for L. alpina, N = 296 for L. campestris, N = 35 for L. divul-
gata, N = 32 for L. divulgatiformis, N = 153 for L. exspec-
tata, N = 208 for L. multiflora and N = 114 for L. sudetica. 
We presented differences in elevational distribution among 
species in boxplots and statistically tested them using one-
way analyses of variance (ANOVA) and Tukey’s post hoc 
test. Difference in elevational range between low-elevation 
(L. campestris, L. divulgata, L. divulgatiformis) and high-
elevation species (L. alpina, L. exspectata, L. sudetica) was 
tested by Student t test; L. multiflora was not included in 
this analysis as its distribution ranges from lowlands to the 
alpine belt.

Chromosome number determination and genome 
size measurement

For the karyological analyses we collected seeds from 20 
populations of four species during field excursions between 
2005 and 2012 in the Austrian, Italian and Slovenian Alps 
(see Online Resource 1 for voucher information). Seeds 
were germinated in Petri dishes until the rootlet was at 
least 3 mm long. Root tips of young seedlings were fixed, 
stained and squashed to prepare microscopic slides, as previ-
ously described in Bačič et al. (2007a, 2016). Briefly, root 
tips were fixed in 4% phosphate-buffered neutral formal-
dehyde for 90 min at room temperature and post-fixed in 
several changes of 3: 1 methanol: acetic acid for at least 
24 h at 4 °C. Fixed root tips were hydrolysed in 5 N HCl for 
90 min at 20 °C and stained with Feulgen reagent overnight 
at 4 °C. Stained root tips were washed in several changes 
of  SO2–water, and squash preparations of dissected root 
meristems were prepared in 45% acetic acid. Nuclei were 
frozen on the slide by dry-ice freezing, dehydrated in 96% 
ethanol for max 5 min and air dried in the dark. The amount 
of nuclear DNA (C-value) was measured densitometrically 
by interphase-peak DNA-image cytometry (Vilhar et al. 
2001), using an Axioscope MOT light microscope (Carl 
Zeiss, Germany) with a 63 × oil immersion objective, CCD 
camera (Sony DXC-950P), frame grabber (Matrox Meteor) 
and computer with KS 400 ver. 3.0 image analysis soft-
ware package (Carl Zeiss, Germany). The image analysis 
system was densitometrically calibrated prior to each set 
of measurements, and integrated optical density (IOD) was 
measured for approximately 200 interphase nuclei per slide. 
Pisum sativum cv. ‘Kleine Rheinländerin’ with 2C-value 
of 8.84 pg DNA (Greilhuber and Ebert 1994) was used as 
calibration standard to convert arbitrary units of IOD to pg 
DNA. Root tips of P. sativum were processed simultaneously 
with the Luzula specimens during all experimental proce-
dures, i.e., germination, fixation, staining and measurement. 
The amount of DNA in the unreplicated (G1 phase) nuclei 
was expressed as 2C-value; for simplicity, we apply the term 
genome size (GS) to these values hereafter. The same slides 
were used to count chromosomes. Statistical analyses were 
performed with Microsoft Excel and Prism 3.02 (GraphPad) 
software.

Statistical analyses of genome size changes 
following polyploidisation and agmatoploidisation

To study if genome downsizing or increase occurred after 
agmatoploidisation or true polyploidisation in Luzula sect. 
Luzula, all available GS data obtained by image densi-
tometry (i.e., the data published here supplemented with 
those from Bačič et al. 2007a, b, 2016) were recalculated 
to the monoploid GS (1x). In total, 103 monoploid GS 

http://www.austrianmap.at
http://www.geopedia.si
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data were analysed, including 72 diploids (L. campestris,  
L. divulgatiformis, L. exspectata, L. sudetica, L. taurica with 
karyotypes 12 AL—16 samples, 24 BL—47 samples and 
48 CL—9 samples), 17 tetraploids (L. alpina, L. divulgata, 
L. multiflora with karyotypes 24 AL—9 samples and 12 
AL + 24 BL—8 samples) and 14 hexaploids (L. multiflora 
with karyotype 36 AL). The GS was compared among the 
three ploidy levels and among different karyotypes within 
the same ploidy level using t test or one-way analysis of 
variance (ANOVA) and Tukey’s post test. The range of the 
GS within each of the recovered ploidy levels (‘intra-ploidy 
variation’) was calculated as the ratio of the highest and the 
lowest DNA content.

Results

Distribution of species in the Eastern Alps based 
on the revision of herbarium specimens

The revision of 1044 specimens confirmed the presence of 
seven species (Fig. 1, Online Resource 1) in the Eastern 
Alps—L. alpina (91 specimens), L. campestris (307 speci-
mens), L. divulgata (27 specimens), L. divulgatiformis (31 
specimens), L. exspectata (158 specimens), L. multiflora 
(250 specimens) and L. sudetica (111 specimens). Twenty-
eight specimens could not be identified reliably and are 
therefore shown with white dots in Fig. 1 and marked with 
“cf.” in Online Resource 1. In addition, 69 specimens could 
not be determined to the species level, mostly due to poorly 
developed or collected herbarium material and high mor-
phological variability of the group, and were thus labelled 
as L. campestris agg. Whereas L. alpina, L. campestris,  
L. exspectata, L. multiflora and L. sudetica are widespread 
across the Eastern Alps, L. divulgata is mostly limited to the 
easternmost Northern Alps and adjacent areas, with only a 
few indications for the western Eastern Alps, and L. divul-
gatiformis occurs only in the Southern Alps and southerly 
adjacent areas (Fig. 1).

Based on the results of herbarium revision and previ-
ously published data (mostly following Bačič et al. 2007b 
and Kirschner 1993, 1994, 2002), we present an updated 
identification key for the Alpine taxa of Luzula sect. Luzula 
in Online Resource 2.

Elevational distribution and substrate preferences

The box plots displaying the elevational distribution of the 
taxa (Fig. 2) reveal that L. alpina, L. exspectata and L. sudet-
ica are mountain species mostly absent from lowlands, and 
reaching elevations above 2600 m a.s.l. Luzula multiflora 
can occur at higher elevations, but most of the localities 
were below 1500 m a.s.l. Luzula campestris, L. divulgata 

and L. divulgatiformis are lowland and montane species; 
only L. campestris was recorded also above 2000 m a.s.l. 
The combined elevational data for the three lowland species 
ranged from 20 to 2100 m a.s.l. and significantly differed 
(p < 0.0001, t test) from the three montane species which 
ranged from 550 to 2620 m a.s.l. Significant differences in 
elevational distributions were confirmed also by ANOVA for 
all the species (p < 0.0001), except for the comparisons of 
L. divulgatiformis vs. L. divulgata and L. campestris, and L. 
alpina vs. L. sudetica (Tukey’s post test p > 0.05).

From the data on the herbarium labels we can conclude 
that L. alpina and L. sudetica prefer siliceous substrate, 
but can also be found on limestone on locally acidic soils, 
whereas L. exspectata predominantly grows on limestone, 
but can occasionally be found on siliceous bedrock. Of the 
lower elevation species, L. divulgatiformis prefers calcareous 
and L. divulgata siliceous substrate, whereas L. campestris 
and L. multiflora are not linked to either of them.

Chromosome number and genome size variation

Cytogenetic analyses of 20 populations revealed four karyo-
types corresponding to three ploidy levels (Fig. 3). The GS 
values for all analysed populations are presented in Online 
Resource 1 and, along with the previously published data 
for all Alpine species (Kirschner 2002; Bačič et al. 2007a, 
2016), in Table 1. Most populations belonged to L. alpina 
(N = 7) with 2n = 12 AL + 24 BL and L. sudetica (N = 6) with 
2n = 48 CL, followed by L. exspectata (N = 4) with 2n = 24 
BL and hexaploid L. multiflora with 2n = 36 AL (N = 3). The 
estimated GS in the investigated samples ranged from 0.69 to 
2.54 pg DNA. The GS of diploid L. exspectata and L. sudet-
ica was 0.83 ± 0.01 and 0.83 ± 0.04 pg, respectively, tetra-
ploid L. alpina had approximately double (1.63 ± 0.03 pg) 
and hexaploid L. multiflora triple GS (2.48 ± 0.03 pg) of the 
diploids. The coefficient of variation for GS measured in 
different populations of the same species was below 5% in 
all species except in L. sudetica (CV = 11.49%).

When comparing the GS across all populations belong-
ing to Luzula sect. Luzula analysed until now using densi-
tometry (i.e., this study, Bačič et al. 2007a, 2016; Fig. 4), 
the mean 2C-values were 0.90 ± 0.01 pg DNA in diploids 
(N = 72, CV = 11.21%), 1.80 ± 0.05  pg in tetraploids 
(N = 17, CV = 10.58%) and 2.64 ± 0.04 pg in hexaploids 
(N = 14, CV = 5.98%). Differences among mean 2C-val-
ues of agmatoploids within the same ploidy level were 
non-significant (p = 0.2449 for diploids and p = 0.5156 
for tetraploids), but the values differed significantly 
between any two ploidy levels (p < 0.0001, ANOVA and 
Tukey’s post-test). The intra-ploidy variation in GS was 
the highest in diploids (1.71-fold), intermediate in tetra-
ploids (1.39-fold) and the lowest in hexaploids (1.21-
fold). However, when comparing the monoploid (1x) GS 
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across all three ploidy levels (Fig. 4 insert), no signifi-
cant differences were apparent (p = 0.8136): 1x-values 
were 0.45 ± 0.01 pg DNA for diploids, 0.45 ± 0.01 pg for 
tetraploids and 0.44 ± 0.01 pg for hexaploids. Moreover, 
when comparing the GS among different karyotypes of 
the same ploidy level, no significant differences were 
observed. In diploids, the mean 2C-value of the 12 AL 
karyotype was 0.88 ± 0.02 pg DNA, for 24 BL karyotype 

0.91 ± 0.02 pg and for 48 CL karyotype 0.84 ± 0.04 pg 
(p = 0.2449). The same was true for tetraploids with 24 
AL karyotype (1.80 ± 0.05 pg) and 12 AL + 24 BL karyo-
type (1.74 ± 0.07 pg; p = 0.4847).

Fig. 1  Distribution of species of Luzula sect. Luzula based on the revision of 1044 herbarium specimens, with geographical focus on the Eastern 
Alps. Black dots represent reliable identifications, whereas ambiguous ones (“cf.”) are marked with a white dot. Country borders are indicated
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Discussion

Distribution patterns and variability 
of morphological characters

Our revision of 1044 herbarium specimens confirmed 
the presence of seven species belonging to Luzula sect. 
Luzula in the Eastern Alps and significantly enlarged the 
previously known distribution areas of L. divulgata (likely 
new for Italy), L. divulgatiformis (new for Italy) and  
L. exspectata (new for the Northern Alps). We acknowledge 

that the distributional data presented here are geographi-
cally biased but clearly show the large-scale distribution 
patterns of the investigated species in the Eastern Alps.

The only species reported for the Alps (Aeschimann 
et al. 2004; Fischer et al. 2008) but not confirmed by our 
revision is L. pallescens. In the Eastern Alps, this species 
has only been reported from Austria (Fischer et al. 2008), 
namely from several localities in Lower Austria (Niederös-
terreich) and Upper Styria (Obersteiermark; Melzer 1996), 
one locality in Carinthia (Kärnten) and one in North Tyrol 
(Nordtirol; Melzer 1982). In Austria it is a rare and critically 
endangered species (Fischer et al. 2008), therefore it is not 
surprising that it was not confirmed by our herbarium revi-
sion. Whereas the records from the eastern margins of the 
Alps are likely reliable as they are westerly adjacent to spe-
cies’ continuous distribution area, the two isolated records 
from Carinthia and Tyrol should be checked in the field in 
the future.

A similarly scattered distribution in the Eastern Alps as 
for L. pallescens was reported for L. divulgata, which is also 
mostly restricted to the easternmost Alps and adjacent areas 
in Austria (Aeschimann et al. 2004; Fischer et al. 2008), but 
known from a single locality (Hohenweiler) in the western 
Eastern Alps in Vorarlberg [westernmost Austria; based on 
herbarium specimen revised by Kirschner; see Polatschek 
(2001)]. Our revision confirms that the species is most com-
mon in pre-Alpine lowland areas of eastern Austria (Fig. 1), 
but three specimens indicate its presence in the western East-
ern Alps in Italy (Veneto: Belluno, Lombardia: Brescia) and 
Austria (Nordtirol: Ötztal). The species is rare in the Eastern 
Alps, but more widespread than believed before.
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Fig. 2  Elevational distribution of species of Luzula sect. Luzula based 
on the revision of 1044 herbarium specimens, with geographical 
focus on the Eastern Alps (N = 99 for L. alpina, N = 296 for L. camp-
estris, N = 35 for L. divulgata, N = 32 for L. divulgatiformis, N = 153 
for L. exspectata, N = 208 for L. multiflora, N = 114 for L. sudetica)
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Similarly as L. divulgata and L. pallescens, L. divulgati-
formis is relatively thermophilous; it is a common submedi-
terranean species growing in open wood- and scrublands, 
forest margins and clearings as well as nutrient-poor karstic 
meadows and pastures below 1000 m a.s.l. (Fig. 2). The 
herbarium revision revealed its presence in similar habitats 
in the Southern Alps and southerly adjacent areas in Italy 
(Lago di Garda region in Lombardia and Trentino, and sur-
roundings of Padova in Veneto), where it is probably more 
common.

All other species confirmed by the herbarium revision 
are distributed throughout the Eastern Alps (Fig. 1), which, 
with exception of L. exspectata, is in accordance with pre-
viously published data (e.g., Kirschner 2002; Aeschimann 
et al. 2004; Fischer et al. 2008). Of all mountain species 
L. sudetica is morphologically and ecologically most dis-
tinct, growing in moist meadows and bogs in the montane 
and alpine zones (Kirschner 2002). In the Eastern Alps it is 
most common in the siliceous Central Alps, but also in the 
Southern Alps (Fig. 1).

Luzula campestris and L. multiflora are predominantly 
lowland taxa (Fig. 2), the former growing in dry to moist 
meadows, and the latter preferring moist habitats, at least 
in the lowlands. Both, but especially L. multiflora, can be 
found also at higher elevations above 2000 m a.s.l. (Fig. 2). 
Whereas L. campestris is morphologically distinct and we 
were thus able to reliably identify all herbarium specimens, 
the identification of L. multiflora is more difficult, especially 
for tetraploid plants from higher elevations, which are dif-
ficult to distinguish from L. alpina and L. exspectata.

Luzula alpina is a common Alpine species (Kirschner 
et al. 1988), thriving from the montane to the alpine zone 
(Fig. 2). As it is acidophilic and grows mostly on siliceous 
substrate, it is most common in the Central Alps; there are, 
however, also many localities in the Southern Alps, render-
ing this species’ distribution in the Alps similar to that of 
L. sudetica (Fig. 1). Our revision of the herbarium mate-
rial confirmed previous observations (Kirschner 1993) that 
although L. alpina typically has congested inflorescences, 
plants with pedunculate inflorescence clusters are not rare. 
In addition, the basal leaves of L. alpina are typically con-
spicuously broad as reported previously (e.g., Kirschner 
1993; Fischer et al. 2008), but can also be much narrower, 
making its separation from L. multiflora difficult. Since both 
species are tetraploid, stomata-length and genome size do 
also not discriminate between them, but are crucial charac-
ters to distinguish morphologically and ecologically similar 
diploid L. exspectata.

Luzula exspectata is the most common (sub)alpine spe-
cies of L. sect. Luzula on calcareous substrate in the South-
ern Alps as indicated by Bačič et al. (2007a, b, 2016), but 
also has scattered localities in the Central and the Northern 
Alps (Fig. 1) and we here report its first record for Germany 

(Bayern: Allgäuer Alpen). It mostly grows in oligotrophic, 
humus-rich grasslands on calcareous substrate, but can also 
be found on siliceous substrate. It is likely that this species 
is a common representative of L. sect. Luzula also at higher 
elevations of the Northern Alps, but additional studies are 
needed to confirm this. It also remains uncertain how com-
mon this species is in the Western Alps, for which we report 
a first record for France (Provence-Alpes-Côte d’Azur: Haut-
Queyras). In addition, it is very likely that this species occurs 
also in Croatia (Istra: Učka), even if the specimen from there 
could not be identified unambiguously (Fig. 1).

High morphological variability, as shown in Online 
Resource 2 and 3, and intermediate stomatal lengths are the 
reasons, why seven of 91 revised specimens of L. alpina, 13 
of 158 revised specimens of L. exspectata and three of 250 
revised specimens of L. multiflora could not be unambigu-
ously identified (“cf.” in Fig. 1 and Online Resource 1).

Elevational distribution and substrate preferences

Elevation data derived from herbarium labels (Fig. 2) mostly 
correspond to the ranges given in Flora Alpina (Aeschimann 
et al. 2004) for the studied taxa. In addition to the zones 
indicated there, our data confirm the presence of L. alpina 
also in the upper montane zone and L. sudetica is likely 
more common and not only sporadically occurring in the 
alpine zone. Whereas among the predominately low-eleva-
tion species diploid (L. campestris), polyploid (L. divulgata,  
L. multiflora) and agmatoploid (L. divulgatiformis) species 
can be found, only polyploids or agmatoploids can be found at 
higher elevation, even if L. campestris reaches up to 2000 m.

Similarly, substrate preferences correspond largely to 
those given in Flora Alpina. The only exception is L. alpina, 
for which equal occurrence frequency was indicated for cal-
careous, siliceous and mixed substrates by Aeschimann et al. 
(2004). Our data, however, indicate that this species prefers 
siliceous substrate, but can occasionally be found on lime-
stone on locally acidic soils and thus the same substrate pref-
erences should be given as for L. sudetica. This discrepancy 
is likely due to confusion of L. alpina with L. exspectata in 
the past, as the latter was described after the publication of 
Flora Alpina (Aeschimann et al. 2004). There were no clear 
patterns in substrate specificity in the Alps in relation to 
the karyotype of the species: the three predominately silici-
colous species are polyploids or agmatoploids, calcicolous 
L. divulgatiformis and L. exspectata are agmatoploids, and 
species without substrate specificity are di- and polyploid.

Chromosome number and genome size variation

Until present, GS has been estimated for 23 Luzula spe-
cies (ca. 20% of all species; Bennett and Leitch 2012), of 
which 11 belong to Luzula sect. Luzula (Záveská Drábková 
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2013). The present study attributed additional estimates for 
L. alpina, L. exspectata, L. multiflora and L. sudetica, all 
in the range of previously published results obtained with 
DNA-image cytometry (Bačič et al. 2007a, 2016) and flow 
cytometry (Bozek et al. 2012).

According to the prediction of the agmatoploid origin, 
the GS should be approximately the same in 12 AL, 24 BL 
and 48 CL cytotypes, and the GS of the partial agmatop-
loid (2n = 12 AL + 24 BL) should be equal to the one in 
tetraploids with the 24 AL karyotype (Barlow and Nevin 
1976; Guerra 2016). The statistical tests performed for all 
available GS data showed no significant differences among 
12 AL, 24 BL and 48 CL karyotypes and between 24 AL 
and 12 AL + 24 BL karyotypes. No significant changes in 
GS thus took place after the fission of chromosomes, which 
is in line with some previous suggestions (Halkka 1964; 
Kuta et al. 2004; Bačič et al. 2007a; Bozek et al. 2012), 
but has never been tested statistically on a larger sample 
before. On the contrary, some other studies (e.g., Barlow 
and Nevin 1976; Roalson et al. 2007; Bureš et al. 2013) 
showed changes in GS after fission of chromosomes, but 
these studies were mostly performed on other plant groups 
and with a smaller sample. This discrepancy clearly suggests 
that additional studies, both in Luzula as well as other plant 
groups with holocentric chromosomes are needed to shed 
light on genome evolution after agmatoploidisation.

In addition, also the monoploid GS of true diploid, tetra-
ploid and hexaploid species is not significantly different, as 
revealed by the comparison of GS of 72 diploid, 17 tetra-
ploid and 14 hexaploid populations (this study; Bačič et al. 
2007a, 2016; Fig. 3). Genome downsizing, which often 
occurs after polyploidisation (Verma and Rees 1974; Leitch 
and Bennett 2004; Renny-Byfield et al. 2013), did thus not 
occur in Luzula sect. Luzula.

Hypotheses about the origin of the Alpine species 
of Luzula sect. Luzula

There are no phylogenetic studies providing sufficient 
resolution in the phylogenetic trees to enable conclusions 
regarding the origin and evolution of the Alpine species. It 
is therefore only possible to provide hypotheses about pos-
sible phylogenetic relationships based on cytogenetic and 
morphological traits. Only three European species are true 
diploids (12 AL) and thus putative parental species of all 
other taxa, namely L. campestris, L. pallescens and L. tau-
rica (Kirschner 1992a). Luzula campestris is morphologi-
cally very divergent from other Alpine taxa with exception 
of L. divulgata (24 BL), for which Kirschner (1992a) sug-
gested an autopolyploid origin from L. taurica (V. I. Krecz) 
Novikov, a species distributed between the Balkan Peninsula 
and the Caucasus (Kirschner 2002). Similarly, L. divulgati-
formis and L. expectata (both 24 BL) might have originated 

from L. taurica via chromosome fission. Kirschner (1992a) 
suggested that the alpine tetraploid L. multiflora subsp. 
multiflora (24 AL) is of autopolyploid origin derived from  
L. pallescens (12 AL), whereas the lowland hexaploid popu-
lations (36 AL) are probably of allopolyploid origin, which 
was also suggested for other tetraploid taxa of L. multiflora 
s. lato (Kirschner 1995, 1996). Likewise, based on the seed 
characters, Kirschner (1992a) suggested that L. pallescens 
(12 AL) could have been an ancestor of L. sudetica (48 CL), 
but the link with 24 BL between them is missing (extinct 
or not yet sampled). Alternatively, based on the karyotype,  
L. exspectata (24 BL) might have been ancestor of  
L. sudetica, but the seed morphology does not support this 
hypothesis. Luzula alpina (12 AL + 24 BL) is of putative 
allopolyploid origin (Kirschner 1992a), with L. exspectata 
(24 BL) being one of the putative parents (Bačič et al. 2007a, 
b), whereas the other could be L. taurica (12 AL), which 
has similar seed characters, but divergent flower characters. 
Given unclear origin and relationships among the taxa of 
L. sect. Luzula, phylogenetic studies with genetic markers 
providing sufficient resolution are needed in the future. They 
will also enable a reconstruction of genome and karyotype 
evolution within the section.

Conclusions

Our study underlines the importance of both polyploidy 
and agmatoploidy for the evolution of Alpine species from 
L. sect. Luzula, as all high-elevation taxa are either agma-
toploid (L. exspectata and L. sudetica), polyploid (L. mul-
tiflora) or both processes have been involved in their origin 
(L. alpina). It thus seems plausible that holocentric chromo-
somes confer selective advantage compared to monocentric 
chromosomes (Kolodin et al. 2018). Zedek and Bureš (2018) 
suggested that agmatoploidy can be evolutionary advanta-
geous in extreme environments, e.g., in times of exposure 
to factors that cause chromosomal fragmentation. One of 
such factors is UV radiation, which increases with eleva-
tion (Zedek and Bureš 2018) and agmatoploid plants such 
as Luzula might, therefore, be in advantage in high mountain 
habitats. In addition, increased recombination rates associ-
ated to increased chromosome numbers due to fission of 
holocentric chromosomes may allow for more rapid rates 
of adaptation to novel environments (Escudero et al. 2012), 
which might have been beneficial also during the spread of 
Luzula species in the Alps after the retreat of the Pleistocene 
glaciers in the Holocene. No changes in GS happened after 
the fission of chromosomes in L. sect. Luzula, but actual 
processes accompanying agmatoploidy and subsequent evo-
lution of genome remain poorly understood. In addition, the 
distribution of L. divulgata and L. pallescens centred in the 
easternmost Northern Alps and that of L. divulgatiformis 



159Alpine Botany (2019) 129:149–161 

1 3

centred in the Southern Alps emphasizes the importance of 
these areas as glacial refugia (Tribsch 2004). Last but not 
least, our study emphasizes the importance of taxonomic 
studies and large-scale herbarium revisions of intricate plant 
groups even in the Alps, one of the best-studied areas of the 
world.
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