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ABSTRACT. Variation of approximately 20 kb of non-coding regions of the chloroplast genome of 29
species of Allium and 7 species of related genera have been cladistically analyzed. Both restriction site
mutations and length mutations have been included in these analyses. The cladograms obtained with both
types of mutation are highly similar topologically and display similar levels of homoplasy. No indication of
significant between-data-set incongruence was found. The results of Wagner, Dollo and weighted parsimony
indicate that recognition of the monotypic Nectaroscordum siculum renders Allium paraphyletic. The two large
subgenera Rhizirideum and Bromatorrhiza are probably not monophyletic. Two strongly supported clades, both
of which comprise species of different subgenera, are not characterized by morphological synapomorphies
when analyzed a posteriori. Furthermore, the position of Allium tuberosum (subg. Rhizirideum) and A.
fimbriatum (subg. Amerallium) changes considerably with different types of analysis, which suggests that

“inclusion of these and affiliated taxa may strongly influence the relationships found among chloroplast types
in the genus. The highly artificial nature of the subgenera (subg. Bromatorrhiza is also indicated to be para- or
polyphyletic) is not unexpected given the taxonomic complexity of Allium. As a consequence, however, many
more taxa have to be included in an analysis of the phylogenetic relationships of chloroplast DNA'’s in the
genus. The trnK, trnC - trnD, psbA - trnS, and rbcL - ORF106 regions are most suited for further use because
these regions are easily amplified and exhibit a considerable level of sequence variation with a restricted

degree of length variation.

The species of the circumboreal genus Allium
(Alliaceae) are primarily found in humid, mesic,
semi-arid and arid environments. Most of the
approximately 700 species currently recognized
(Hanelt et al. 1992) are hemicryptophytes or
geophytes which are specifically adapted to differ-
ent environments by means of bulbous or rhizoma-
tous storage organs. Similar storage organs prob-
ably evolved several times independently
(Cheremushkina 1992; Kamenetsky 1996).

Many of the infrageneric taxa are characterized
by combinations of subtle differences which fre-
quently can not be observed in dried specimens
(Traub 1968). As a result, the genus has been
considered taxonomically difficult (Traub 1968).
Thirty-one species (grouped into three informal
groups) were recognized by Linneaus (1753). Six
sections were distinguished for the Old and New
World Alliums by Regel (1875). The two latest
taxonomic revisions of Kamelin (1973) and Hanelt
et al. (1992) both distinguish six subgenera. The
number of infrageneric taxa recognized in these
studies showed a sharp increase to 30 sections and

13 subsections, and 46 sections and 11 subsections,
respectively. Using the classification of Hanelt et al.
as a reference, the genus is classified into four large
subgenera each with 100-300 species (Allium,
Amerallium, Melanocrommyum, and Rhizirideum),
one subgenus with nine species (Bromatorrhiza) and
a subgenus with two or three East Asian species
(Caloscordon). All subgenera are mainly distributed
in the Northern hemisphere. Many species have
overlapping geographic distribution areas, one
morphologically variable species, chive (A. schoeno-
prasum), even has a circumboreal distribution.

The increase in the number of infrageneric taxa as
exemplified by the number of sections clearly
reflects the problematic taxonomic delimitation of
groups within the genus. Although to date no
formal cladistic analyses of morphological or
anatomical data have been conducted, large scale
taxonomic studies using morphological data from
flowers, embryos, leaves, and seeds (compiled in
Hanelt et al. 1992), have not revealed any gross
morphological synapomorphies for the large sub-
genera (Havey 1992). Some potential/putative
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synapomorphies from anatomy, phenology and
cytology have been reported for the large subgen-
era, for example for subg. Melanocrommyum (two
rows of vascular bundles in the leaf blade instead of
one, an extremely short developmental period, the
presence of true palisade parenchyma; Hanelt et al.
1992) and Amerallium (base chromosome number
x = 7 instead of x = 8 in nearly all species). In view
of the lack of visible morphological synapomor-
phies, it is not surprising that many of the
subgenera, sections and varieties have been hypoth-
esized to be artificial (Havey 1992).

Despite the economic value of species such as
A. cepa (bulb onion) and A. sativum (garlic), reliable
information on the evolution of the genus is
extremely scarce. Phylogenetic studies using mo-
lecular markers did not result in robust phyloge-
netic inferences either, primarily because an ex-
tremely small and biased number of species was
used (Havey.1991, 1992). Probably, large numbers
of species need to be included for a correct
inference of the lineages in the genus.

The phylogenetic analysis of variation of PCR
amplified segments of the chloroplast genome is
expanding, as has been foreseen (Olmstead and
Palmer 1994). Molecular phylogenies at the interfa-
milial (Tsumura et al. 1995), intergeneric (Liston et
al. 1995), intrageneric level (Schwarzbach and
Kadereit 1995), and at the intraspecific level (Ferris
et al. 1993) have indeed demonstrated the value of
the approach. It is clear from the literature (e.g.,
Gielly and Taberlet 1994) that different noncoding
regions have evolved at different rates and under
different constraints.

The relatively recent, strongly subdivided classi-
fication of Hanelt et al. (1992) is taken as a starting
point for a preliminary analysis of the phylogenetic
relationships based on PCR-RFLP’s of non-coding
regions of the chloroplast genome. The most
important goal of this study is to identify natural
groups and to provide criteria for further sampling
within the genus.

MATERIALS AND METHODS

The species studied were selected from the
Allium working collection of the Taxonomy Depart-
ment, IPK Gatersleben. This collection comprises
more than 300 species, most with multiple acces-
sions per species. Most accessions were collected in
natural habitats. All species were carefully deter-
mined and are under permanent taxonomic super-
vision. Voucher specimens have been deposited in
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the Herbarium Gaterslebense (GAT) under the
respective species name and accession number.
Accession numbers and the sectional classification
(Hanelt et al. 1992) of the species examined are
indicated in Table 1.

Total DNA isolation was according to Maass &
Klaas (1995). Primers for non-coding regions of the
chloroplast genome, which together cover approxi-
mately 20 kb of the chloroplast genome, were from
Taberlet et al. (1991), Arnold et al. (1991), Tsumura
etal. (1995), Demesure et al. (1995), Savolainen et al.
(1995) and Liston and Wheeler (1994). Amplifica-
tion was performed in a water cooled thermocycler
(Autogene) with 4.5 min denaturation at 92°C, 35
cycles of 24 sec at 92°C, 2 min annealing at 55.5°C
and 24 sec extension at 72°C. Water temperature
was 30.0°C. Using PCR-RFLP’s, it is possible to
rapidly survey a number of informative restriction
site changes in a relatively large number of species.
Digested amplification products were separated on
1.5% agarose gels. After amplification, a chloroform
extraction, precipitation with ethanol, restriction
digestion, and separation of digested products on
1.5% agarose gels with subsequent ethidium bro-
mide staining was performed to detect polymor-
phisms. Only enzymes which cut the chloroplast
DNA relatively infrequently were used (i.e. BamHI,
Banll, Bcll, Bglll, BstEll, Clal, Dral, EcoRI, EcoRV,
FokI, Haelll, HindIll, Hpall, Kpnl, Poull, Pstl, Sall,
Xbal, and Xhol, used singly or in combination) in
order to ensure homology of restriction sites. No
four base cutter enzymes with 50% AT content in
their recognition sequence were used. The conserva-
tive approach resulted in a number of enzyme-
probe combinations which did not reveal any
polymorphisms.

Representatives of each of the six subgenera of
Hanelt et al. (1992) were included. Relatively few
representatives of the subgenera Melanocrommyum
(3) and Allium (4) were investigated. The former
subgenus has been indicated to be genetically
rather homogeneous (Samoylov et al. 1995; Linne
von Berg et al. 1996). No such evidence is at hand
for subgenus Allium, and therefore this subgenus is
probably underrepresented. For comparison of
results with those of previous studies, some
economically important species were included as
well [A. sativum, A. cepa, A. ampeloprasum (leek), A.
schoenoprasum (chive)]. The other species represent
24 sections. Outgroup species were selected from
genera of Alliaceae and Amaryllidaceae as circum-
scribed by Fay and Chase (1996). In that study, the
genus Allium occupies an isolated position in



1997] MES ET AL.: CRITERIA FOR SAMPLING IN ALLIUM 703
TaBLE 1.  Plant material of Allium, Nectaroscordum and outgroup taxa studied.
Accession
Genus Subgenus Section Species number
Allium L. Allium Allium A. sativum L. TAX4839
Allium A. ampeloprasum L. TAX5173
Scorodon Koch A. obtusiflorum DC. TAX3101
Scorodon Koch A. tchihatchewii Boiss. TAX3063
Vvedenskya Kamelin A. kujukense Vved. TAX3625
Amerallium Traub Amerallium Traub A. drummondii Regel TAX0200
Arctoprason Kirschl. A. ursinum L. TAX9002
Caulorhizirideum Traub A. validum Wats. TAX1779
Lophioprason Traub A. cernuum Roth TAX0682
Molium G. Don exKoch  A. roseum L. TAX3078
Molium G. Don ex Koch  A. subhirsutum L. TAX1447
Narkissoprason (F. Herm.)  A. narcissiflorum Vill. TAX2628
Kamelin
Rhophetoprason Traub A. fimbriatum Watson TAX3487
Bromatorrhiza Ekb. Bromatorrhiza Ekb. A. hookeri Thw. TAX2506
Bromatorrhiza Ekb. A. wallichii Kunth TAX2510
Cyatophora R. M. Fritsch A, cyathophorum Bur.et ~ TAX2824
Franch. var. farreri
(Stearn) Stearn
Caloscordum (Herb.) Caloscordum Herbert A. neriniflorum (Herb.) TAX2797
R. M. Fritsch Baker
Melanocrommyum (Webb ~ Acmopetala R. M. Fritsch  A. collis-magni Kamelin ~ TAX3730
et Berth.) Rouy Compactoprason R. M. A. giganteum Regel TAX2936
Fritsch
Porphyroprason Ekb. A. oreophilum C. A. Mey.  TAX0348
Rhizirideum (G. Donex  Anguinum G. Don ex A. tricoccum Sol. in Ait. TAX2582
Koch) Wendelbo Koch
Anguinum G. Don ex A. victorialis L. TAX2673
Koch
Butomissa (Salisb.) A. tuberosum Rottl. ex TAX2453
Kamelin Spr.
Cepa (Mill.) Prokh A. cepa L. TAX4722
Oreiprason F. Herm. A. globosum M. Bieb.ex ~ TAX1605
Red.
Petroprason F. Herm. A. obliguum L. TAX0338
Reticulata-bulbosa A. cyaneum Regel TAX3849
Kamelin
Schoenoprasum Dumort.  A. schoenoprasum L. TAX3176
Tenuissima (Tzag. Hanelt) A. tenuissimum L. TAX3249
Nectaroscordum Lindl. N. siculum (Ucria) Lindl.  TAX2192
OUTGROUPS:
Nothoscordum Kunth N. gracile (Ait.) Stearn TAX0191
Tritelein Douglas ex T. hyacynthina (Lindl.) TAX1795
Lindle Greene
Tulbaghia L. T. violacea Harv. TAX2164
Dichelosternma Kunth D. pulchellum (Salisb.) TAX2470
Heller
Bloomeria Kellog B. crocea (Torrey) Coville  TAX2697

Agapanthus L'Herit.

A. campanulatus Leighton TAX9004

Alliaceae, its closest relative being the Himalayan
species Milula spicata Prain. As a result of this
isolated position, we felt it important to include
several outgroups. Unfortunately, neither fresh nor

herbarium material of Milula Prain. species was
available. Only one representative of the outgroup
genera used in this study was included in a broader
study of Lilianae which also supported affiliation
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between Amaryllidaceae and Alliaceae (Chase et al.
1995).

Both restriction site and length variation were
scored and all characters were unordered. Restric-
tion site data was analyzed both separately and
together with length-mutation data. For every
region, only length polymorphisms shared by
different combinations of taxa were scored.

Phylogenetic analyses of restriction site changes
were performed on PAUP 3.1.1. (Swofford 1993)
and involved Dollo, Wagner and weighted parsi-
mony. For the first two types of analyses, TBR
branch swapping, steepest descent, and mulpars
were used. Weighted parsimony (1.1 to 1.3 weight
ratio’s for gains over losses, Albert et al. 1992) was
implemented with SPR branch swapping, mulpars,
steepest descent and mulpars and 40 random
additions of taxa. The length mutations were also
analyzed cladistically as unordered characters with
NNI branch swapping, steepest descent, MULPARS,
and 1,000 random additions of taxa (with a
maximum of 100 trees per random addition of
taxa). Statistical support of internal branches by
means of a decay analysis was assessed with SPR
branch swapping, steepest, mulpars and 500 ran-
dom additions of taxa.

Cladistic analyses were performed on restriction
site changes only, on length mutations only, and on
length and restriction site changes combined. Prior
to performing these analyses however, we deter-
mined the degree of incongruence within and
between the data sets. The data sets have an
identical evolutionary history because both are
derived from the same, non-recombining genome.
Significant levels of incongruence would therefore
indicate technical difficulties such as problems of
scoring length variation of the amplified regions
instead of a different history of different partitions.
Nevertheless, incongruence could still be taken to
indicate that the data sets must not be combined
(Huelsenbeck et al. 1996). The incongruence indices
of Mickevich and Farris and Miyamoto (Swofford
1991) were calculated. Because in all analyses more
than one most parsimonious tree was found, strict
consensus trees were calculated and used as a
constraint for the other data set.

The constrained analyses in which infrageneric
groups were forced into monophyly were designed
to determine the number of extra steps to obtain
monophyly. These analyses were conducted using
Wagner parsimony on the combined data set of
restriction site changes and length polymorphisms.
Search options were identical to those of the

SYSTEMATIC BOTANY

[Volume 22

analyses of combined restriction sites and length
mutations described above. Pairwise absolute dis-
tances (PAUP 3.1.1.) between species were calcu-
lated from the data matrix using both restriction
site changes and polymorphisms to determine the
degree of variation between taxa. The complete list
of site and length mutations is available upon
request.

RESULTS

Inclusion of different combinations of outgroup
species did not seem to alter the phylogenetic
relationships within Allium (with Nectaroscordum
siculum included in the ingroup) for the restriction
site changes, the length mutations or the combined
analysis. Therefore, only analyses with all outgroup
species included are presented. 85 informative
restriction site changes, and 19 unique restriction
site changes were scored. Wagner parsimony of the
informative restriction sites for all amplified re-
gions found 476 trees with 231 steps, a consistency
index of 0.41, and a retention index of 0.62. The
strict consensus tree (Fig. 1) indicates that many
relationships are unresolved.

Dollo parsimony of the informative restriction
sites for all amplified regions found 24 trees with
314 steps, a consistency index of 0.30, and a
retention index of 0.88 (not shown). The most
important difference with the Wagner analysis of
restriction sites is that the clade comprising A.
obliguum, A. globosum, A. cyathophorum, A. tchi-
hatschewii, A. obtusiflorum, A. schoenoprasum, A. cepa,
A. tenuissimum, A. cyaneum, A. sativum, and A.
ampeloprasum (clade A) is not recovered. The Dollo
analysis indicated that the American and Eurasian
species of subg. Amerallium are sister taxa.

Thirty-three informative length mutations, and
four unique length mutations were scored. Wagner
analysis of the length mutations resulted in more
than 32,000 minimal length trees of 88 steps (Fig. 2,
consistency index 0.48, retention index 0.69). Mono-
phyly of Allium (Nectaroscordum siculum included in
Allium), as well the detection of clade A agree with
the analyses of restriction site mutations. These
findings suggest a similar topology calculated from
length polymorphisms on the one hand and
restriction site mutations on the other.

The incongruence indices of Miyamoto, and
Mickevich and Farris index (Table 2) indicated
moderately low values of incongruence. The tests
do not lend themselves to rigorous conclusions
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FiG. 1. Strict consensus Wagner tree based on only restriction site changes. Values preceded by a ‘d” are decay values.
Acronyms for the subgenera are: Al: Allium. Am: Amerallium. Br: Bromatorrhiza. Ca: Caloscordum. Me: Melanocrommyum.
Rh: Rhizirideum.
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Acronyms for the subgenera are as those listed for Fig. 1.
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TaBLE 2. Character incongruence between the Allium data sets as determined by the Mickevich and Farris’ and
Miyamoto’s indices of incongruence. Strict consensus trees were used to summarize topologies based on the two
individual data sets. ¢ = number of phylogenetically potentially informative characters. s = number of steps of the most
parsimonious trees. e = number of extra steps. e* = number of extra steps when data set is applied to tree based on the
alternative data set. Iy = within-data set incongruence (Iy = Ze). Iy = between data set incongruence (I = It — Iy). Iy =
total incongruence for the Mickevich and Farris index (It = s — ¢ for combined data sets). It = total incongruence for the
Miyamoto index (If = 3e*). Iyy = Miyamoto index (I = (I¥ — Ly )/I#). Inp = Mickeviche and Farris index (I = I3/Ir).

Site mutations

Length mutations Combined mutations

c=85,s=231,e=146
c=33,s =101, e* = 68

Site mutations
Length mutations
Combined mutations

c =855 =236,e* =151
c=233,s=288,e =55

c=118,s = 329, Iy = 201,
Iz =10, Iy = 211, I} = 219,
Ing = 0.085, Ie = 0.047

however because null distributions for the test
statistics have not yet been developed (Swofford
1991), and the use of strict consensus trees to
summarize many most parsimonious trees prob-
ably renders these incongruence tests less power-
ful. Nevertheless, no strong indication for incongru-
ence was found.

When the length polymorphisms were added to
the restriction site data 81 trees were found with 329
steps, a consistency index of 0.41 and a retention
index of 0.62 (Fig. 3). The consistency and retention
indices in this combined analysis are identical to
those obtained in the restriction site analysis. No
indications for multiple islands of most parsimoni-
ous trees for the individual data sets were found as
determined by tree-to-tree distances (Maddison
1991). Weak support is found for monophyly of
subg. Amerallium (clade C). Two strongly supported
clades were found. One comprises A. oreophilum, A.
kujukense, A. giganteum, A. collis-magni, A. tricoccum,
A. victorialis, and A. neriniflorum (clade B) and the
other clade comprised A. obliquum, A. globosum, A.
cyathophorum, A. tchihatchewii, A. obtusiflorum, A.
cyaneum, A. schoenoprasum, A. tenuissimum., A. cepa,
A. sativum, and A. ampeloprasum (clade A). These
analyses also indicate that the small subg. Bromator-
rhiza is artificial. Relationships in subg. Amerallium
are unresolved.

The Dollo analysis of sites and indels resulted in
12 trees with 417 steps, a consistency index of 0.32,
and a retention index of 0.86. The strict consensus
tree is to a large extent unresolved (not shown) and
the underlying topological changes are restricted to
a single species, i.e. A. tuberosum. The 12 most
parsimonious trees belonged to two distinct islands
of trees. In one island of six trees, A. tuberosum is
sister to Nectaroscordum siculum whereas in the
other island, it is sister to A. oreophilum, A.

kujukense, A. collis-magni, and A. giganteum. The
variable position of A. tuberosum is reflected in the
Adams consensus tree of Fig. 4 as well as in
weighted analyses. The position of A. tuberosum
varies from sister to A. subg. Rhizirideum and subg.
Allium (weight ratio 1.1 and 1.2), to sister to all
other species of the genus (weight ratio 1.3).

Many of the subgenera of Allium are indicated to
be artificial, although only a small sample of taxa
has been analyzed for most subgenera. Table 3
indicates the number of additional steps required to
obtain the monophyly of some traditionally recog-
nized taxa of Allium. For the monophyly of most
subgenera a relatively small number of extra steps
is needed. However, the forced monophyly of the
subgenera Bromatorrhiza required an additional 11
steps and that of Rhizirideum required an additional
16 steps.

In all analyses, Nectaroscordum siculum is in-
cluded in the genus Allium. Although strong
statistical support for the paraphyly of the genus
Allium was not found (Table 3), Nectaroscordum
siculum was never found to be sister to Allium in
any of the analyses.

The position of A. fimbriatum (subg. Amerallium)
in the Wagner analyses of site data is highly
variable. It constitutes a position distinct from the
other species of subg. Amerallium in the 50%
majority rule Wagner tree of the combined analysis
(not shown) and it is the putative sister species of
the other species of Amerallium, Nectaroscordum
siculum, A. wallichii, A. hookeri in the Wagner
analyses of the combined sites and indel data, as
well as in several weighted (1.1 and 1.2) analyses. In
the Dollo analyses however, this species is terminal
in a clade containing the other species of subg.
Amerallium, subg. Bromatorrhiza and Nectaroscordum
siculum.
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Fic. 3.

Strict consensus of Wagner trees based on both restriction site changes and length. Values preceded by a ‘d” are

decay values. Acronyms for the subgenera are as those listed for Fig. 1.

The Wagner strict consensus tree using only site
changes indicates that many relationships are
unresolved as a result of the lack of synapomor-
phies in Allium. The addition of the unordered
length mutations results in higher support for some
clades. Likewise the consistency in this combined
analysis does not deviate from the analysis using
only site changes.

The number of autapomorphic restriction site
mutations (aut *), the synapomorphic restriction
site changes shared by two or more species (syn *),

autapomorphic indels (aut p), and synapomorphic
indels (syn p) are presented in Table 4. The
divergence among the species of clades A, B, and C
was calculated. The maximum number of absolute
differences and the mean number of mutations
between any pair of species in these three groups is
19 and 10.0 in clade A, 17 and 11.2 in clade B, and 21
and 14.0in clade C, respectively. These data suggest
that divergence is highest in the clade C which
comprises representatives of the subgenera Ameral-
lium, Bromatorrhiza, and Nectaroscordum siculum.
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FiG. 4. Adams consensus tree of 12 most parsimonious Dollo cladograms of 417 steps. The trees comprised two
topologically distinct islands in which the position of A. tuberosum varied considerably. The base chromosome number
and subgeneric classification according to Hanelt et al. (1992) are indicated at the right. Acronyms for the subgenera are

as those listed for Fig. 1.
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TaBLE 3. The number of additional steps needed to
obtain the monophyly of several traditionally recognized
subgenera of Allium, and the genus Allium. The most
parsimonious trees based on the Wagner analysis of the
combined data sets of restriction site and length mutations
were used as a reference.

Number of
additional

Monophyly of: steps needed

genus Allium (Nectaroscordum siculum

sister to species of Allium) 3
subgenus Allium 3
subgenus Amerallium 2
subgenus Bromatorrhiza 1
subgenus Melanocrommyum 4
subgenus Rhizirideum 16

DiscussioN

Our study has implications for further analysis of
the evolutionary relationships in the large genus
Allium. Nectaroscordum, which has been excluded
from Allium on the basis of floral characteristics and
the shape of the spathe, should be included in
comparative investigations of Allium. The results of
cpDNA RFLP’s agree with a study of seed surface

SYSTEMATIC BOTANY
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morphology where Allium and Nectaroscordum are
distinct from other genera such as Nothoscordum,
Agapanthus, Triteleia, Dichelostemma and Milula
(Kruse 1994) and with a study of rbcL sequence
variation in Alliaceae, Amaryllidaceae, and Agapanthoi-
deae (Fay and Chase 1996) in which species of
Allium and Nectaroscordum siculum form a clade.
Second, the subgenera Rhizirideurn and Bromator-
thiza are artificial. The number of additional steps
needed to achieve monophyly of these two subgen-
era in the Wagner analyses using sites and indels is
16 and 11 steps, respectively. Apart from the lack of
a well-supported and well-resolved chloroplast
phylogeny of the genus, the role of reticulation in
the evolution of the genus is not known. Therefore,
the evolution of some characters considered crucial
for taxonomic grouping of Allium, such as rhizomes
or bulbs, the ancestral number of chromosomes,
and the geographic origin of the genus remain to be
established.

Given the high frequency of unnatural groups
within the genus, two suggestions can be made.
First, future experiments specifically designed to
study the entire genus need to include a high
number of species of subg. Amerallium because of

TaBLE 4.  Characteristics of the amplified regions of the chloroplast genome and the restriction enzymes used in this
study of Allium. Length variation in this sample of species of Allium, the length variation and the number of different
types of length- and site changes after digestion with the various restriction enzymes are indicated. The mutations are
differentiated into the numbers of unique restriction site changes (aut *), the restriction site changes shared by two or

more species (syn *) and indels (aut p and syn p).

Length (bp) and
Region aut * syn* autp synp Restriction enzymes used length variation

trnK 8 14 1 10 EcoRI, EcoRV, BamHI, HindIII, Haelll, Xbal, Xhol, 2900, =100
Dral, Banll, Bglll, Clal, FokI, Pvull, Pst, Hpall,
Bcll, BstEII, Kpnl, Xhol/Sall

trnT-trnF 0 8 2 8 EcoRI, EcoRV, BamH]I, HindIII, Dral, Clal, Xbal, 1500, 300
Pstl/Pvull, Banll

trnC-trnD 5 18 1 9 EcoRl, EcoRV, BamHI, Dral, Clal, HindIII, Xbal, 3500, 100
Haelll, BanlI, BglII, Bcll, Pstl, BstEII

psbC-trnS 3 7 1 1 EcoRlI, Dral, BamHI, Cfol, Hpall, Haelll, BanlI, 1500, =100
HindIII, Xbal, EcoRV /Clal, BglII/Sall,
Pvull/Pstl, Bcll

rbcL-orf106 12 17 1 6 Hpall, Dral, BamHI, Haelll, EcoRV, EcoRI, BglII, 3200, 200
HindIII/Xbal, Pvull/Pstl, Clal, BanIl

rbcL-atpB 3 3 0 1 Hpall, Haelll, Dral, Banll, EcoRI/BglII, 900, =50
EcoRV /HindIII

psbA-trnS 6 12 0 0 EcoRlI, EcoRV, HindIII, Bglll, Clal, Xbal, Dral, 3100, =100
BamHI, Bcll, Haelll, Hpall, Banll, PstI/Pvull,
Sall/Xhol

rpoClI-rpoCII 4 15 0 4 EcoRI, Haelll, EcoRV, Hpall, Xbal, BglII, PstI, 4200, =200
Pvull, Clal, BamHI, BanlI, Sall/XhoI, Bcll, Kpnl

trnD-trnT 2 3 0 5 Xhol/Bglll/Sall, Bell, HindlIlI, Clal, Xbal, BamHI, 1200, =100

EcoRYV, EcoRl, Haelll, Hpall
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the high number of mutations and the high level of
homoplasy in the subgenus (see position of A.
fimbriatum and unresolved relationships in the
clade C). Morphologically this subgenus is one of
the most variable (Hanelt. et al. 1992). Second,
increased sampling needs to be performed on A.
tuberosum and its allies due to the variable position
of this species in different analyses.

The trnK, trnC - trnD, rbcL - ORF106 and the
psbA - trnS regions seem most promising for further
studies in Allium. Both restriction site mutations
and length polymorphisms are present in these
regions, and the interpretation of these mutations is
not hampered by excessive length variation of the
region as a whole.

One of the possible causes of the incongruence
between the infrageneric classification and the
mutations in the chloroplast genomes of the species
of Allium is reticulation. It will therefore be
necessary to use nuclear DNA markers for an
independent estimate of the evolution of the genus.
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