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Original Paper

Abstract: Random amplified polymorphic DNA (RAPD) analysis
was used to study the phylogenetic relationships between spe-
cies in Allium section Schoenoprasum and for the investigation
of the intraspecific differentiation of A. schoenoprasum. RAPD
analysis of 39 samples representing eight species of sect. Schoe-
noprasum and one sample of A. atrosanguineum (sect. Annulo-
prasum) resulted in 233 interpretable RAPD bands. The analysis
clearly distinguishes the species of section Schoenoprasum. The
arrangement of the accessions of A. schoenoprasum in all den-
drograms mirrors the geographical distribution, with a clear dif-
ferentiation between an Asian and European subgroup. Within
the European group, Scandinavian material is clearly distinct
from S and E European material. Informally described morpho-
logical types of A. schoenoprasum could not be confirmed by
RAPD analysis but represent recurrent ecological adaptations.
A combination of phenetic (UPGMA, neighbour-joining analy-
sis), cladistic (parsimony analysis), and statistical (PCA) methods
of data analysis resulted in clearer phylogenetic interpretations
than each of the methods facilitates when used separately.

Key words: Allium sect. Schoenoprasum, Alliaceae, biogeogra-
phy, ecology, evolution, RAPD.

Abbreviations:
RAPD: random amplified polymorphic DNA
UPGMA: unweighted pair group method using arithmetic

averages
NJ: neighbour-joining analysis
MP: maximum parsimony
PCA: principal coordinate analysis

Introduction

Allium L. section Schoenoprasum Dumort., like the other closely
related sections Cepa Prokh. and Annuloprason Egor. which are
characterized by fistulate leaves, belongs to subgenus Rhiziri-
deum (Koch) Wendelbo. In the last taxonomical revision of
Allium sect. Schoenoprasum seven species and three subspecies
were recognized (Friesen, 1996[10]). The most important spe-

cies of this section is A. schoenoprasum L. (chives) a diploid,
widespread in Eurasia and North America. Allium schoenopra-
sum s.l. also includes two tetraploid subspecies from Spain: ssp.
latiorifolium (Sierra de Guadarrama) and ssp. orosiae (Hueska).
The species is morphologically relatively diverse with an ac-
cordingly complicated nomenclatural history. Four morpho-
logical types were informally described (Stearn, 1978[33]; Frie-
sen, 1996[10]), and Allium buhseanum Regel, from Iran and the
Caucasus was also included as a synonym in A. schoenoprasum
s.l. (Friesen, 1996[10]). Problems arise from the scattered geo-
graphical distribution of the four types throughout the area
and from the quantitative characters differentiating them.
Some examples might illustrate the situation.

In all parts of the area small plants (morphotype B) of A. schoe-
noprasum occur on limestone, which have been independently
described as different variations but are morphologically very
similar: var. pumilum Bunge (Altai, Siberia), var. alvarense Hy-
lander (island Öland, Sweden), var. jurmoënse Eklung (Finland
archipelago in the Gulf of Finland), and f. kokinjae Hay. (Balkan
Peninsula). The robust variant which is distributed mainly
in mountains of the entire area (type C) usually is named
A. sibiricum L., A. schoenoprasum ssp. sibiricum (L.) Richter, or
A. schoenoprasum var. alpinum DC. Type D, which have length-
wise ribbed leaves, can sometimes be found in Siberia and
probably also in other regions, however, in herbarium mate-
rial this character disappears. Sometimes type D constitutes
homogenous populations, but usually it can be found together
with typical A. schoenoprasum plants (types A and C). One of
the more or less homogenous Siberian populations was de-
scribed as an independent species, A. udinicum, by Antzupova
(1989[1]).

Analyses of different molecular markers indicate the mono-
phyly of sect. Schoenoprasum. The chloroplast genomes of all
members of the section share a synapomorphic ClaI mutation
in the trnT-trnD region which has not been found in any other
taxon of Allium outside of section Schoenoprasum (Friesen et
al., 1997 a[11]; Mes et al., 1997[22]). DNA sequences of the inter-
nal transcribed spacer region (ITS) of the nuclear ribosomal
DNA (nrDNA) are also very similar and possess a 12 basepair
deletion in the ITS-2, unique for sect. Schoenoprasum (Friesen
et al., in preparation). The monophyly of A. schoenoprasum s.l.,
as well as the phylogenetic relationships of the subspecific
taxa described, remains unclear. In order (1) to arrive at more
precise hypotheses about the intraspecific differentiation of A.
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schoenoprasum, and (2) to decide whether variations pumilum,
alvarense, and jurmoënse are natural entities or ecotypes with
independent origins, we used RAPD analysis (Welsh and
McClelland, 1990[38]; Williams et al., 1990[39]). RAPD analyses
reveal even small genetic differences, since a large part of the
nuclear genome will be scanned, as can be seen by mapping
studies of segregating markers in a wide range of plant fami-
lies (e.g., Rieseberg et al., 1993[28]; Bachmann and Hombergen,
1996[3]; Serquen et al., 1997[32]), and are successfully used for
clarification of the phylogeographical questions (Gabrielson
et al., 1997[17]; Friesen and Herrmann, 1998[13]; Purps and Ka-
dereit, 1998[26]; Tollefsrud et al., 1998[35]; Friesen et al.,
1999[15]). Another advantage of this method is that it is less ex-
pensive and can be performed more rapidly than most other
methods (Morell et al., 1995[23]). However, RAPD techniques
have some limitations, such as low reproducibility of some
bands and the uncertain homology of co-migrating fragments
in gel electrophoresis (Van der Zande and Bijlsma, 1994[36];
Harris, 1995[19]; Pillay and Kenny, 1995[25]; Rieseberg, 1996[27]).
Most of the limitations of RAPD analysis can be overcome by
carefully adjusting the reaction and detection conditions
(Bachmann, 1997[2]; Colosi and Schaal, 1997[7]; Friesen and
Klaas, 1998[14]).

Several reasons were considered in literature which make cla-
distic analysis inappropriate for RAPD data. Arguments against
parsimony are founded on possible scoring of non-homolo-
gous bands, lack of genetic independence, the biased screening
of only variable parts of the genome, or the lack of appropriate
models of character evolution (Backeljau et al., 1995[14]). As
most of the arguments also apply to morphological characters
or DNA with unknown functional constraints (“noncoding”
DNA, e.g., spacer and intron sequences) they could preclude
the use of cladistics generally. Moreover, biased data might
also influence other data analysis algorithms. We can only see
one severe restriction for parsimony analysis of RAPD data.
Cladistic theory and analysis relies on bi- or multifurcating
lineages. It is inappropriate for the analysis of relationships
within species or under inclusion of allopolyploids, where re-
ticulate lineage relationships occur. RAPD studies are mostly
used at taxonomic ranks where DNA sequences or RFLPs fail
to detect differences between accessions or taxa (Bachmann,
1997[2]; Wolfe and Liston, 1998[40]). At this level gene flow be-
tween the organisms under study is generally possible, thus
violating a major assumption of cladistic theory. Accordingly,
distance-based, phenetic algorithms are normally used to ana-
lyze RAPD data. In our experience cladistic analyses could
nevertheless be applied, in addition to phenetic analysis meth-
ods. In cases where data contain strong reticulate structure,
parsimony will fail to find resolved trees (null hypothesis),
whereas phenetic methods in all cases represent data in a
tree-like way. On the other side, when trees or parts of trees
are stable in parsimony analyses, this can be taken as a hint
that the data (sub)set contains a reliable phylogenetic signal
which is not swamped by gene flow (Roelofs and Bachmann,
1997[29]). This signal will be detected by most other methods
of data analysis, too, but lacking the internal control against re-
ticulate structures (Blattner and Friesen, in preparation). Com-
bining cladistic and phenetic analysis methods thus allows
more insights into data structure than excluding one method
due to theoretical considerations. In our study of Allium sect.
Schoenoprasum we show the advantages of the use of several

analysis methods to understand the evolutionary history of
closely related taxa.

Materials and Methods

A total of 38 accessions of eight species from Allium section
Schoenoprasum and one accession of A. atrosanguineum of sec-
tion Annuloprason from the living collection of the Depart-
ment of Taxonomy of the IPK Gatersleben were investigated
(Table 1). The investigated accessions of A. schoenoprasum (29
accessions) more or less represent the entire geographical
range of the species in Eurasia (Fig. 1) and the informally de-
scribed morphological types of Friesen (1996[10]).

DNA was isolated with the NucleoSpin Plant kit (Macherey-
Nagel, Düren, Germany) according to the instructions of the
manufacturer. Ten µl of the isolated DNA were dissolved in
150 µl of water and 4 µl (approximately 50 ng) of this DNA so-
lution were used for each PCR amplification. The concentration
of the extracted DNA was checked on an agarose gel.

Amplification was carried out using 11 arbitrary 10 bp primers
(A04, A15, A16, AB04, AB11, AB18, AC02, G13, G19, D01 and
D03) obtained from Operon Technologies, Alameda, CA. The
amplification conditions were optimized according to Friesen
et al. (1997b[12]). One third of the reaction mixtures was sep-
arated on 1.5 % agarose gels in 0.5 × TBE buffer, followed by
staining with ethidium bromide (Sambroock et al., 1989[31]).
Clearly visible RAPD bands were scored manually for presence
(1) or absence (0) from enlarged photographs of the gels. Dif-
fering band intensities were not taken into account to avoid er-
rors introduced by competition among priming sites during
the initial rounds of PCR (Bachmann, 1997[2]). Only bands re-
producible in two independent amplification reactions were
included in the data analyses. From the resulting binary data
matrix distances and a character based analysis were conduct-
ed. Pairwise genetic distances were calculated using the Jac-
card coefficient. Finally, phenograms were prepared based on
UPGMA (unweighted pair group method using arithmetic
averages) and neighbour-joining (NJ) cluster analyses (Saitou
and Nei, 1987[30]) of the genetic distance matrix. The genetic
distance matrix was also subjected to a principal coordinate
analysis (PCA). From the distances, new independent axial co-
ordinates are calculated which represent most of the variabil-
ity of the original data. The taxa are then plotted as points in a
three dimensional continuous space defined by the first three
coordinates. These calculations were done in the NTSYS-PC
program (Applied Biostatistic Inc. New York, 1993, version
1.8). Maximum parsimony analyses (MP) of the binary data
matrix were done with PAUP* version 4d65 (a test version,
kindly provided by D. Swofford) using the heuristic search op-
tion, MULPARS, ACCTRAN, and TBR branch swapping. Boot-
strap analysis (Felsenstein, 1985[9]) was used to examine the
statistical support of branches in the most parsimonious trees
and neighbour-joining trees found. In addition to the analyses
including all accessions, analyses with UPGMA, NJ, and MP
were performed with all known polyploids (A. altyncolicum
and A. schoenoprasum ssp. latiorifolium) excluded from the
data matrix. Alternative tree topologies were evaluated with
MacClade 3.05 (Maddison and Maddison, 1992[21]).
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Results

Eleven primers used to analyze 39 accessions of Allium sect.
Schoenoprasum resulted in 233 unambiguously interpretable
RAPD bands. Each primer produced between five and 18 bands
per individual (Fig. 2). In all analyses conducted A. schoenopra-
sum occurs as a monophyletic taxon, as do the other species of
the section. The Iberian A. schmitzii is sister group to all species
of section Schoenoprasum. Within A. schoenoprasum, the Euro-
pean accessions form a monophyletic unit. The morphological-

ly similar intraspecific taxa of A. schoenoprasum (variations
pumilum, alvarense, and jurmoënse) are not a natural entity
but occur interspersed at different positions in the trees. The
informally described morphotypes of A. schoenoprasum never
form phylogenetical clustered subgroups.

The different algorithms used in the analyses resulted in some
remarkable differences in the intraspecific groups obtained. In
the UPGMA dendrogram (Fig. 3) the Asian and the European
clades occur as sister groups and the Canadian accession is

Fig. 1 Natural distribution of Allium schoe-
noprasum in Eurasia. Numbers indicate the
origin of the investigated accessions.

Table 1 The origin of the investigated accessions of Allium section Schoenoprasum and the outgroup A. atrosanguineum (Tax = accession numbers
of the living collection of the Department of Taxonomy, Institute of Plant Genetics and Crop Plant Research). Morphological types A – D in A. schoe-
noprasum after Friesen (1996[10])

Taxon Accession number and origin of plants

Section Schoenoprasum Dumort.
A. altyncolicum Friesen Tax 3157 (Russia, Altai), Tax 3159 (Russia, Altai)
A. karelinii Poljak. Tax 2708 (Uzbekistan, Altai)
A. ledebourianum Schult. et Schult. fil Tax 3173 (Russia, Altai), Tax 3641 (Mongolia, Mongolian Altai)
A. maximowiczii Regel Tax 2772 (Russia, Burjatia, Romanovka)
A. maxim. var. yesomonticola (Hara) Shimuzu Tax 6000 (Japan)
A. oliganthum Kar. et Kir. Tax 3201 (Kasachstan, Tarbagatai)
A. schmitzii Coutinho Tax 5226 (Portugal)
A. schoenoprasum L. sensu lato
– Type A (A. schoenoprasum s. str.; A. buhseanum Regel) Tax 0192 (Romania), Tax 0390 (Finland), Tax 0509 (Italy, Tretino), Tax 0702

(Ukraine, Carpatians), Tax 0854 (France, Corsica), Tax 0908 (Spain, Sierra
Nevada), Tax 1215 (Hungary), Tax 1306 (Bot. Gard. Stockholm), Tax 3744
(Bulgaria, Rila Mts.), Tax 3897 (Iran, Mt. Barf Khone), Tax 5423 (Spain, Pyrenees,
Port de la Bonaqua), Tax 5610 (Norway, Altafyord), Tax 5612 (Norway, Tromso)

– Type B (A. gredense Rivas Mateos; var. alvarense
Hylander; var. jurmoënse Eklung; var. pumilum Bunge)

Tax 3369 (Sweden, Öland), Tax 3398 (Russia, Altai, Yuzhno-Chuisky range, Tara),
Tax 5439 (Finland, Seili), Tax 5440 (Finland, Surmo)

– Type C (A. foliosum Clarion ex DC; var. alpinum DC;
A. sibiricum L.; var. sibiricum (L.) Garcke; var.
laurentianum Fernald)

Tax 0508 (Canada, Alberta, Rocky Mts.) Tax 1712 (Japan, Hokaido), Tax 1854
(Bulgaria, Vitosha range), Tax 3068 (Switzerland, Col du Sanetsch), Tax 3174
(Russia, Altai, Cholsun range), Tax 3446 (Russia, Chukotka), Tax 3460 (Switzer-
land, Bernese Alps), Tax 3892 (Russia, Altai, Shebalino), Tax 5411 (Russia,
West Sajan)

– Type D (A. udinicum Antzupova) Tax 3206 (Russia, Altai, Tyungur)
A. schoenoprasum ssp. latiorifolium (Pau) Rivas
Martines et al.

Tax 5432 (Spain, Sierra de Guadarama, Penalara), 5434 (Spain, Sierra de
Guadarama, Penalara)

Section Annuloprason Egorova
A. atrosanguineum Kar. et Kir. Tax 2907 (Kasachstan, Zailiysky Allatau)

Phylogeny of Allium schoenoprasum Plant biol. 2 (2000) 299
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part of the Asian clade. Within the European clade, four Scan-
dinavian accessions are separated from the other European
material. Three taxa of A. schoenoprasum (“A. buhseanum”,
ssp. latiorifolium, and var. pumilum) appear at a position basal
to the remaining accessions. The exclusion of polyploid taxa
did not alter the topology of the phenogram of the other acces-
sions. In the NJ analyses (Figs. 4 A, B) “A. buhseanum” is again
sister group to the remaining accessions of A. schoenoprasum
and the European accessions are a monophyletic unit within
the other accessions. Tax 0508 from Canada appears at a sister
group position of the European clade. The Altaian var. pumilum
groups together with other accessions obtained from the Altai
mountains, whereas the tetraploid ssp. latiorifolium is sister
group to all other European accessions (Fig. 4 A). The exclusion
of this taxon (Fig. 4 B) allows the recognition of three geo-
graphical groups within the European material (E Europe, C
and S Europe, and N Europe) which are otherwise confused by
two diploid accessions from Spain, grouping near the tetra-
ploid (Fig. 4 A). The cladistic analysis of 136 parsimony infor-
mative RAPD characters (including polyploids) found 667
most parsimonious trees (444 steps, CI 0.520, RI 0.642). The
consensus tree (Fig. 5 A) mostly resembles the tree found by
the NJ analysis. The main difference concerns “A. buhseanum”
which occurs at a somewhat strange position as sister group of
A. karelinii. After exclusion of the polyploid taxa (114 parsimo-
ny informative characters) MP found 12 trees (394 steps, CI
0.556, RI 0.654). In the consensus tree (Fig. 5 B), which is better
resolved than Fig. 5 A, “A. buhseanum” groups within the Asian
accessions of A. schoenoprasum. In this group an Altaian acces-
sion (Tax 3206) occurs as sister group to all other A. schoeno-
prasum. Within the European material mostly C and S Euro-
pean accessions are basal and, as in the NJ analyses, the Scan-
dinavian group (with bootstrap support) and E European
group were found. In parsimony and neighbour-joining analy-
ses an accession from N Italy (Tax 0509) appears as sister
group of the Scandinavian material. The exclusion of “A. buh-
seanum” from the analyses did not alter the topology of the
remaining taxa in the consensus trees (data not shown).

Fig. 3 UPGMA phenogram calculated from Jaccard distances of 38
accessions of seven species of Allium sect. Schoenoprasum and A.
atrosanguineum based on 233 RAPD bands. For the accessions of A.
schoenoprasum, no species name is given. A, B, C, and D depict the
informally described morphological types within A. schoenoprasum.

Fig. 2 Ethidium bromide stained agarose gel of an RAPD reaction
with primer G19 of taxa from Allium sect. Schoenoprasum and A. atro-

sanguineum. Only prominent bands were scored for analysis. M =
length standard. For origin of specimen see Table 1.

Plant biol. 2 (2000) N. Friesen and F. R. Blattner300
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Fig. 5 Strict consensus trees of maximum parsimony analyses of
233 RAPD bands. (A) The analysis including polyploid taxa resulted
in 667 most parsimonious trees (444 steps length, CI 0.520, RI
0.642). (B) After the exclusion of polyploids 12 trees (394 steps

length, CI 0.556, RI 0.654) were found. For clades with bootstrap
support above 50 % (calculated from 500 resamples) the values are
given along the branches.

Fig. 4 Neighbour-joining phenogram calculated from the same dis-
tance matrix used for UPGMA analysis (Fig. 3). Bootstrap values (500
resamples) above 50 % are given along the branches. (A) Analysis in-

cluding polyploid taxa (A. altyncolicum and A. schoenoprasum ssp. la-
tiorifolium). (B) Analysis with known polyploids excluded.

Phylogeny of Allium schoenoprasum Plant biol. 2 (2000) 301
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The principal coordinate analysis (Fig. 6) clearly distinguishes
the European and Asian accessions of A. schoenoprasum. In be-
tween these groups the Canadian and the Iranian (“A. buhsea-
num”) accessions occur. Interestingly, “A. buhseanum” is at a
position which is intermediate between the two geographic
groups of A. schoenoprasum and A. karelinii, that resembles its
positions in the two MP analyses. The tetraploid A. schoeno-
prasum ssp. latiorifolium is quite distinct from the other acces-
sions of the species, which is also shown by branch lengths in
UPGMA and NJ analyses.

Discussion

The analyses of RAPD data of Allium sect. Schoenoprasum re-
vealed all species of the section as monophyletic units. Within
A. schoenoprasum the accessions are clearly geographically
grouped (Asian vs. European origin) and the European material
forms a monophyletic group. Within the European accessions,
a Scandinavian group (with bootstrap support in the MP and NJ
analyses) and an eastern European group (without bootstrap
support) occur. The remaining accessions, mostly from central
and southern Europe, do not form a clear group but are basal to
the eastern and northern material. The informally described
morphotypes A, C, and D (Friesen, 1996[10]) are distributed
within all subgroups of A. schoenoprasum, thus lacking a com-
mon origin in each type. However, Asian type C occurs mostly
in the basal part of A. schoenoprasum. Thus this type seems to
be the initial form of A. schoenoprasum from which the other
types repeatedly developed as morphological reactions on en-
vironmental conditions. The small morphotype B, which has
been described under various names (var. pumilum, alvarense,
and jurmoënse) and always occurs in limestone habitats, is
also not a natural entity but seems to be a soil-dependent eco-
type.

Different analysis methods used on the RAPD data revealed
slightly different phylogenetic estimations. The most distinct
tree was obtained by UPGMA analysis. This tree (Fig. 3) differs

mainly with respect to two features from NJ and MP analyses:
(1) Asian and European accessions occur as sister groups in-
stead of the European group being part of the Asian, and (2)
“A. buhseanum”, ssp. latiorifolium, and var. pumilum are basal
to the remaining accessions of A. schoenoprasum. It is remark-
able that these basal taxa all possess individual branches
which are much longer than branches in their next relatives
(Figs. 3 and 4 A). The RAPD data thus violate the requirement
of ultrametric data (equal mutation rates in all lineages), nec-
essary for UPGMA analysis (Swofford et al., 1996[34]) which
seems to result in an effect comparable to long branch attrac-
tion (Felsenstein, 1978[8]) which is sometimes seen in MP anal-
ysis. The exclusion of polyploid taxa from the UPGMA analysis
did not effect the topological positions of the remaining acces-
sions (tree not shown).

In the NJ analyses (Fig. 4) the accessions of A. schoenoprasum
are clearly geographically ordered. The Altaian var. pumilum,
though with a much longer branch, groups together with the
other Altaian material, and Iberian ssp. latiorifolium is basal to
the European accessions. “Allium buhseanum” from Iran is sis-
ter group to the remaining lines of A. schoenoprasum. The ex-
clusion of tetraploid ssp. latiorifolium influences the groups
found within the European sample. Whereas the geographical-
ly related C and S European accessions occur together with
ssp. latiorifolium at the base of this clade its exclusion results
in three distinct geographic groups from Scandinavia, C plus S
Europe, and E Europe.

Cladistic analysis shows that MP is sensitive to reticulate data
structures. The exclusion of two polyploid taxa resulted in
about 98 % reduction of the number of most parsimonious
trees and a much better resolved strict consensus tree (Fig. 5).
Consistency index (0.520 vs. 0.556) and retention index (0.642
vs. 0.654) are only slightly influenced by the polyploids. Boot-
strap support for the European group, as well as for A. schoeno-
prasum, is increased when polyploids are excluded. Within the
European accessions, again the Scandinavian and the E Euro-
pean group occur. Unlike the NJ analysis, the exclusion of ssp.
latiorifolium did not force C and S European material to group
together. Instead, these accessions form a basal group within
the European material. The position of “A. buhseanum” in the
MP trees is distinct from NJ and UPGMA results. Including the
polyploid taxa, it is sister group to A. karelinii; after their exclu-
sion, it occurs at a position within the Asian accessions of A.
schoenoprasum. Making “A. buhseanum” sister group to either
A. karelinii or A. schoenoprasum (excluding polyploids) re-
quires one additional step, whereas a sister group relationship
to the other species in the study needs five to seven additional
steps. Alternative positions within A. schoenoprasum need
three (sister group to the E Asian clade) to 12 additional steps
(sister group to the E European clade). This behaviour of “A.
buhseanum”, shifting between a position near or within Asian
A. schoenoprasum and A. karelinii, is clearly visualized by the
PCA graph, where “A. buhseanum” occurs at a position inter-
mediate to A. karelinii and the groups of A. schoenoprasum. No
clear conclusions can be drawn about the taxonomical status
of “A. buhseanum”. An ancient hybrid origin from ancestors of
A. schoenoprasum and A. karelinii might well be possible, as a
relatively recent introgression of an A. karelinii genotype in a
southern population of A. schoenoprasum. Additional studies,
including more accessions of “A. buhseanum” and comparisons
of the karyotypes, might elucidate the origin and taxonomical

Fig. 6 Plot of the first three principal coordinates, calculated from
the same RAPD distance matrix used in UPGMA and NJ analyses.

Plant biol. 2 (2000) N. Friesen and F. R. Blattner302



P
la

n
t

B
io

lo
g

y
H

e
ft

3
(2

0
0

0
)

D
a

te
i:

1
3

0
S

e
ite

:
3

0
3

2
4

.5
.2

0
0

0
–

1
6

:0
3

b
la

ck
cya

n
m

a
g

e
n

ta
ye

llo
w

rank of this taxon, which shows some morphological differ-
ences to the rest of A. schoenoprasum (colour of the tepals is
greyish-lilac, pedicels equaling the tepals, filaments of tepal
length).

As in “A. buhseanum”, where the position in cladistic and phe-
netic analyses is more easily interpretable with the help of
PCA, this method again helps in understanding the position of
ssp. latiorifolium in the other analyses. Apart from UPGMA,
where it occurs at a basal position in A. schoenoprasum, the
other analyses revealed it as sister group to the European
clade. Such a geographically “correct” position would suggest
that ssp. latiorifolium shares a common ancestor with all other
European accessions, though some reservations because of the
result of UPGMA might persist. The position of ssp. latiorifo-
lium in the PCA graph (Fig. 6) renders this interpretation un-
likely. The tetraploid occurs at a position which is different
from that of the other members of sect. Schoenoprasum, sug-
gesting a hybrid origin of this taxon under inclusion of A.
schoenoprasum and a recently occurring Allium species of sect.
Schoenoprasum is very unlikely. Allium schmitzii, the only other
member of sect. Schoenoprasum on the Iberian peninsula, can
clearly be ruled out as second parent of ssp. latiorifolium by
PCA. Recent results of a study of taxa from sect. Cepa including
some accessions of sect. Schoenoprasum with microsatellite
markers, reported alleles of sect. Cepa occurring in ssp. latiori-
folium (Fischer and Bachmann, submitted). This makes a Span-
ish member of sect. Cepa the most likely second parent of ssp.
latiorifolium.

The clear division between Asian and European accessions
found in all analyses parallels the distribution of A. schoeno-
prasum, where eastern and western populations are divided
by a 2000 km gap in the distribution area in W Siberia (Fig. 1).
In our analysis we had no accessions from the easternmost
area of the European habitat. The inclusion of such accessions
might eventually weaken the clear geographical distinction
between European and Asian material, even when taking into
account that recently only limited gene flow should occur. The
sole accession from North America appears at a position be-
tween the Asian and European groups (Fig. 6), slightly closer
to the Asian accessions. From the position in the trees, no firm
conclusion can be drawn about the direction of migration in
A. schoenoprasum because the Canadian accession most often
appears as sister group to the European clade. This position
seems to suggest either a migration from Asia via North Amer-
ica to Europe or a colonization of both North America and Eu-
rope from descendants of E Asian populations. Both scenarios
seem rather unlikely in the light of oceanic migration barriers
and the restricted spreading ability of Allium seeds. Instead,
the exclusively Eurasian distribution of sect. Schoenoprasum,
with the exception of A. schoenoprasum which inhabits the en-
tire temperate zone of the Northern Hemisphere, together
with its position in the phylogenetic analyses, allows the con-
clusion that A. schoenoprasum originated in Eurasia and
reached North America via E Asia and Beringia (Hanelt et al.,
1992[18]; Nimis et al., 1998[24]). A larger sample of Asian and
North American accessions of A. schoenoprasum might have re-
sulted in a closer relationship of these groups in the analyses.
The genetic similarity between Asian and Canadian accessions
supports this second hypothesis.

The geographical differentiation found within European A.
schoenoprasum revealed three groups. Whereas the Scandina-
vian accessions are supported by bootstrap analysis no such
support was obtained for the groups of other regions. The lack
of statistical support for the S and E European groups might be
influenced by the sampling strategy or by the population his-
tory of the groups. The inclusion of additional accessions from
W Russia as well as from the Caucasian region and Iran might
have altered these groups. Alternatively, when gene flow be-
tween populations separated in different S and E European re-
fugia during the last glaciation period (Bennett et al., 1991[5])
started again after the post-glacial expansion of their range,
this could result in a blurred phylogeographic pattern too.
Whereas no absolute conclusions about migration routes be-
tween Asia and Europe and between E and S Europe can be
drawn, the clear differentiation between Scandinavia and the
rest of Europe is in accordance with a phylogenetic pattern
that one would expect for a recolonization of N Europe after
the last glaciation. Bootstrap support of the northern clade, as
well as the stable sister group relationship (Figs. 4, 5 B) of an
accession from Trentino in N Italy (Tax 0509), a putative refuge
during the ice ages (I. Stehlik, Zürich, pers. commun.), to the
Scandinavian A. schoenoprasum, makes an interpretation of
the phylogeographic pattern of recolonization of N Europe
from S Europe possible. Accession Tax 1306, the only accession
from a botanical garden (BG Stockholm) in the study, groups
with E European material and seems not to be of Scandinavian
origin.

In spite of a possible bias due to the limited sample of acces-
sions, the general phylogenetic pattern in the trees is primarily
geographical (bootstrap support for European group), a result
in accordance with recent studies in other plant groups (Velle-
koop et al., 1996[37]; Friesen and Herrmann, 1998[13]; Gabriel-
son and Brochmann, 1998[17]; Tollefsrud et al., 1998[35]). Ecol-
ogy, although important for morphological differentiation
(Blattner and Kadereit, 1999[6]), plays a minor role for the ob-
servable phylogenetic differentiation in A. schoenoprasum.
Only in the Altaian var. pumilum (Tax 3398) are genetic differ-
ences more pronounced than in other groups, as shown by a
longer branch in the NJ analyses (Fig. 4). This might be the start
of an ecologically-driven separation due to adaptations to dif-
ferences in soil. In the European vars. alvarense and jurmoënse
no larger genetic distances are observable which would sug-
gest a shorter differentiation time available for Scandinavian
accessions when colonization of Europe took place from Asia.

Since RAPDs screen a great number of loci in the genomes, thus
detecting a wide range of minute genetic differences, they
should be insensitive to biases introduced when analyzing
phylogenetic relationships with a single gene or DNA region.
Therefore, the method should provide a robust picture of the
relative role of geography, ecology, and time on lineage differ-
entiation (Bachmann, 1997[2]; Le Corre et al., 1997[20]). The use
of a wide range of analysis methods (UPGMA, NJ, MP, and PCA)
allowed more detailed insights in possible phylogenetic pat-
terns in the data than using a single analysis method. Every
method shows other properties of the data under study and
only a combination of these methods allows general data in-
terpretation. UPGMA, though the most frequently used meth-
od to analyze RAPD data, produces a tree which deviates
strongly from the results of the other analysis methods. Thus,
the sole use of UPGMA to analyze RAPDs is not recommended.
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The use of MP to detect gene flow and concealed hybrids can
help to find problematic groups in the analysis which, with
phenetic methods, are not visible but still influence the results.
PCA especially seems to be very helpful to obtain a completely
different graphic representation of the data. Without PCA some
of the tree topologies (e.g., “A. buhseanum” as sister group to
A. karelinii in the MP analysis) appear unlikely, but when in-
cluding the result of PCA, a biological explanation for such
strange trees can be found.
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