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Abstract Phylogenetic analysis of ITS DNA sequences
of various Old and New World Alliums suggests the
reinclusion of Nectaroscordum and affirms the reestab-
lishment of Caloscordum as subgenera of genus Allium.
The results sanction the elimination of the Old World
Allium species from subg. Amerallium Traub and en-
dorse Wendelbo’s definition of subg. Molium (excluding
sect. Porphyrason).
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Introduction

Genus Allium (approx. 700 species) is distributed over
all of the Northern Hemisphere. Two closely related
genera, Caloscordum and Nectaroscordum, can be
found in Europe and Asia. Both of these genera closely
resemble Allium and also possess the latter’s character-
istic smell (Bryan 1989). North and South American
plants classified under genus Nothoscordum resemble
Allium but lack the latter’s characteristic odor (Bryan
and Griffiths 1995). Due to their close morphological
similarities, the relationships between these genera
have long been embroiled in taxonomic controversy.

Nothoscordum seems to be a well-circumscribed
genus except for the misnomer N. neriniflorum, and no
contemporary taxonomist doubts that it is a genus
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separate from Allium. Fay and Chase (1996) used rbcL
sequence analysis to show that, despite its morphologi-
cal similarity, Nothoscordum is a very distant relative of
Allium. Its linkage to Allium, if established, could help
clarify the origins of herbaceous boreotropical taxa.

The eastern Asia species Caloscordum neriniflorum
Herbert has been included in genus Allium as A. nerini-
florum (Herbert) Baker or in genus Nothoscordum as
N. neriniflorum (Herb.) Benth. et Hook (Hanelt and
Fritsch 1994). Kamelin (1980) placed this species under
subg. Melanocrommyum, but Hanelt and Fritsch (1994)
found sufficient basis to assign it to subg. Caloscordum
Fritsch under genus Allium. Hence, their differences
center on whether this species should be accorded sub-
generic status in genus Allium.

East Mediterraenean plants classified under genus
Nectaroscordum closely resemble Allium and also
possess the characteristic garlic smell (Bryan 1989).
Nectaroscordum siculum Lindl. was excluded from the
genus Allium by the Gatersleben group (Fritsch 1992;
Hanelt et al. 1992). Traub (1968) noted that the leaf
vascular bundles of Amerallium and Nectaroscordum
are arranged in one row, whereas those of the rest of
Allium were arranged in a more complicated manner.
Traub (1972), summarizing data from other re-
searchers, reported that the laticifers in subgenera
Amerallium and Nectaroscordum are hypodermal in the
bulb scale, whereas these structures occur in the second
layer below the epidermis (or deeper) in the rest of
genus Allium. Dahlgren et al. (1985) included Nectaros-
cordum in genus Allium, and rbcL (Fay and Chase 1996)
sequence analysis also affirmed that it was closely re-
lated to Allium. Internal transcribed spacer region (ITS)
rDNA sequence analysis (Dubouzet and Shinoda 1998)
indicated that A. cernuum (representing subg. Ameral-
lium) was more closely related to N. siculum than to
representatives of other Allium subgenera.

Traub (1968, 1972) proposed a classification system
for Allium which divided the species into three subgen-
era, Allium, Amerallium Traub and Nectaroscordum



(Lindl.) Traub. The most recent classification of this
genus is based on morphological, cytological, geo-
graphical, serological and anatomical studies (Hanelt
et al. 1992). This classification largely accepted Traub’s
definition of Amerallium but rejected his ideas on the
rest of the genus.

Traub (1968) defined subg. Amerallium to include
Allium species found in the Old and New Worlds with
one-nerved tepals, leaf vascular bundles arranged in
one row, and, with few exceptions, a basic chromosome
number of x"7. Most (90 out of 130) of the species are
found in North America while the rest are spread out,
rather disjunctively, in the Mediterraenean and North
African regions (Hanelt et al. 1992). Linne von Berg
(1996) generated restriction fragment length polymor-
phisms (RFLPs) from chloroplast (cp) DNA of various
Alliums using cpDNA from A. tuberosum as a probe,
but they failed to completely separate the North Ameri-
can from the Mediterraenean Ameralliums. This failure
must have been due to distant genetic relationship
between the source of probe (A. tuberosum) and the
Ameralliums (see Dubouzet et al. 1997). The geographic
separation among the Ameralliums, however, was suc-
cessfully reflected in phylogenetic trees derived from
chloroplast RFLP profiles probed with specific gene
fragments (Samoylov et al. 1995).

The separation between the Old and New World
branches of subg. Amerallium, evidenced by geo-
graphical and molecular data, has fueled doubts in
other researchers. According to McNeal (1992), US
systematists do not fully subscribe to Traub’s classifica-
tion and prefer Ownbey’s (see Saghir et al. 1966) loose
‘Alliances’ instead. McNeal and Ownbey (1973) pointed
out major differences between some Old and New
World species classified in Traub’s Amerallium in terms
of bulb morphology and morphogenesis. Unfortunate-
ly, Ownbey’s classification of North American Alliums
did not speculate on their relationship to the Old
World Alliums. In addition, the term ‘Alliance’ has no
status under the taxonomic code of nomenclature
(McNeal 1992).

DNA sequence analysis of ITS of nuclear ribosomal
DNA has provided sufficient evidence to largely con-
firm the current classification of subgenera in Allium
and sections in subg. Melanocrommyum (Dubouzet and
Shinoda 1998). In the study presented here, phylo-
genetic analysis of the ITS DNA sequences was per-
formed to elucidate the position of various Old and
New World Allium species classified under subgenus
Amerallium in relation to representative species from
the better circumscribed subgenera in the genus Allium.
In addition, representative species from the closely al-
lied genera Caloscordum, Nectaroscordum and Nothos-
cordum were also evaluated to determine their
phylogenetic relationship to genus Allium. The ITS-
based phylogeny was analysed and discussed in regard
to current views on the infrageneric classification and
evolution of Allium.

Materials and methods

The genetic materials listed in Table 1 were obtained from the Allium
collection of the Hokkaido National Agricultural Experiment Sta-
tion. DNA extraction, polymerase chain reaction (PCR) amplifica-
tion of ITS sequences and cycle sequencing were performed as
previously described (Dubouzet and Shinoda 1998). The PCR reac-
tion was kept in ice water during mixing (‘Cold-Mix’) and the tubes
were loaded onto a preheated (approx. 90°C) thermal cycler (‘Hot
Start’). Amplification was performed using ‘Touchdown PCR’ (Don
et al. 1991). Replicate PCR reactions were pooled and purified to act
as the template for the cycle sequencing reaction. Replicated, inde-
pendent sequencing of the forward and reverse-primed reactions was
also performed.

These ITS sequences were analysed along with sequences from A.
cernuum, A. giganteum, A. oreophilum, A. sativum, A. senescens and
N. siculum that were obtained from our previous study (Dubouzet
and Shinoda 1998). Nothoscordum gracile was used as the outspecies
for comparison. The sequences generated in this study were submit-
ted to GenBank (NCBI, USA) under accession numbers AF055095-
AF055113.

The ITS DNA sequences were too variable for manual alignment.
Alignment was performed using the ‘‘old guide tree file’’ option, but
the rest of the parameters used the default settings of CLUSTAL W
(Thompson et al. 1994). The sequences were degapped in-between
alignments. Alignment was reiterated three to four times until the
shortest and most stable alignment was obtained. Jiggling with
CLUSTAL W’s defaults nor manual refinement of the alignment
were not done to avoid introducing subjective bias. Two alignments
were performed, with or without Nothoscordum.

Neighbor Joining genetic distances were calculated using the
‘‘exclude positions with gaps’’ and ‘‘correct for multiple substitu-
tions’’ options of CLUSTAL W. Bootstrapping was performed
1000]. Kimura 2-parameter (K2P) and Maximum Likelihood
(ML) genetic distances (GD) were calculated using DNADIST in
PHYLIP (Felsenstein 1993). These are shown in Table 3. These
genetic distances were then analysed by the Fitch-Margoliash Least
Squares method in the programme FITCH (PHYLIP) using the
Global rearrangement, Randomize sequence input and Jumble
(11]) options and the program KITSCH (PHYLIP) using the
Randomize sequence input and Jumble (11]) options. fastDNAml
(Olsen et al. University of Illinois, USA) was used to calculate
a maximum likelihood tree directly from the aligned sequences,
using the Global rearrangement, Bootstrap (1000) and Jumble (11])
options. The alignments were also analysed using DNAMLK
(PHYLIP) and its Global rearrangement option. Only two trees
were generated by DNAPARS (PHYLIP) using the Search for Best
Tree (default) and Randomize sequence input and Jumble 11]
options. A consensus treefile was generated by CONSENSE
(PHYLIP) from these two trees.

All treefiles were illustrated by NJPLOT (M. Guoy, University of
Lyon, France). The aforementioned software programmes are avail-
able by anonymous ftp in the Internet. Site polymorphism analysis
of the aligned ITS sequences of these species (excluding Nothoscor-
dum) was implemented using SITES v1 (Hey and Wakeley 1997).
Following Suh et al. (1993), evolutionary rates were calculated as
R"K/2T where R is the number of substitutions per site per year,
K are the Kimura 2-Parameter distances and T is the time of
divergence.

Results

The lengths of the ITS sequences shown in Table 1 are
well within the range of our previous results. Many
species had length polymorphisms which differed by
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Table 1 HNAES accession numbers, origins and ITS length characteristics of some Old and New World Alliums. Classification based on
Hanelt et al. (1992) and Fritsch (1992)

Accession Source/origin Subgenus/section Species Length (bp) of ITS
no.

Total ITS1 5.8S ITS2

Subg. Amerallium Traub
65 Haiji Nursery Amerallium (Traub) R. Kam. A. cernuum Roth 659 246 164 249

350 AGS Amerallium A. stellatum Ker-Gawler 661 248 164 249
278 Onion Man Caulorhizideum Traub A. goodingii Ownbey 653 240 164 249
299 Robinett Bulb Caulorhizideum A. validum Wats. 655 243 164 248

Farm (RBF)
316 Garlic ¸ophioprason Traub A. amplectens Torr. 645 239 164 242
341 Alpine Garden ¸ophioprason A. dichlamydeum Greene 650 243 164 243

Society (AGS)
303 North American ¸ophioprason A. hyalinum Curran 645 238 164 243

Rock Garden
Society (NARGS)

57 Takii Seed Co ¸ophioprason A. unifolium Kell. 646 238 164 244
289 RBF ¸ophioprason A. bolanderi Wats. 645 237 164 244
297 RBF ¸ophioprason A. sanbornii Wood 625 211 164 250
46 Dai-ichi Engei Molium G. Don ex Koch A. neapolitanum! Cirillo 649 240 164 245
55 Yamato Nouen Molium A. roseum L. 648 240 164 244

245 NARGS Molium A. subhirsutum L. 628 241 164 223
49 Takii Seed Co Molium A. zebdanense Boiss. &Noe 627 240 164 223
54 Dai-ichi Engei Molium A. moly L. 660 243 164 253

998 NARGS Chamaeprason Herm. A. chamaemoly L. 649 242 164 243
42 Sakata Seed Co Briseis (Salisb.) Stearn A. triquetrum L. 660 244 164 252

Related species
1207 NARGS Subg. Caloscordum (Herb.)

R.M. Fritsch
A. neriniflorum Herb. 641 236 163 242

63 Dai-ichi Engei Subg. Melanocrommyum
(Webb et Berth.) Rouy

A. oreophilum C. Mey. 636 230 164 242

32 Takii Seed Co Subg. Melanocrommyum A. giganteum Regel 641 233 164 244
165 Uzbekistan Subg. Allium A. sativum L. 642 236 164 242
109 Sapporo, Japan Subg. Rhizirideum (G. Don ex Koch)

Wendelbo
A. schoenoprasum L. 632 233 164 235

79 Haiji Nursery Subg. Rhizirideum A. senescens L. 643 238 164 241
458 Sakata Seed Co Nectaroscordum Lindl. N. siculum (Ucria) Lindl. 652 242 163 247
454 HNAES Nothoscordum Kunth N. gracile Stearn 671 250 164 257

!Sold in Japan as A. cowanii

less than 5 bp, a difference which cannot be detected
by agarose gel electrophoresis. A. sanbornii had the
shortest ITS region (625 bp) and N. gracile had the
longest (671 bp), SITES detected 146 indels, 434
transitions, 317 transversions and 409 informative posi-
tions. GC content analysis performed by SITES in-
dicated that the average length of the ITS region was
645.5 bp with 50.9% GC content.

Sequence alignment was performed in the pres-
ence/absence of Nothoscordum. The dendrogram in
Fig. 1A was generated by NJPLOT using a treefile
produced by CLUSTAL W’s implementation of NJ
analysis. The high bootstrap values indicate the confi-
dence level associated with each node. Figure 1B is one
of only two trees found by DNAPARS. These trees
required a total of 1608 steps. The two trees differed
only in the presence/absence of a node uniting A.
chamaemoly and A. roseum. Figure 1C was generated
by NJPLOT from a treefile produced by fastDNAml.
The Likelihood Ratio Test values indicate the confi-

dence level of each branch (Table 2). Except for the
presence/absence of Nothoscordum, Fig. 1A, B and
C share practically the same topology.

The genetic distance (GD) is a relative estimate of the
‘divergence time’ between genotypes (Felsenstein 1993).
The mean$standard deviation (SD) of the Kimura
2-parameter (K2P) GD values between N. gracile and
the rest of the species was 0.63$0.07 (data not shown);
this level of genetic divergence, as well as the absence of
the typical Allium odor, justified its use as the outgroup
species for NJ analysis. N. siculum is interposed be-
tween subg. Amerallium and the rest of the Old World
representatives of the other subgenera. The subg.
Amerallium is evenly split between its Old and New
World members. A. neriniflorum is grouped with the
representatives of subg. Melanocrommyum. A. schoeno-
prasum, the only circumpolar Allium species in this
study, is clustered with A. senescens.

Maximum Likelihood genetic distances (MLGD)
were also calculated with or without Nothoscordum.
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Fig. 1A–C Phylogeny of some Old and New World Alliums
based on ITS sequence analysis. Dendogram A was generated by
CLUSTAL W by NJ analysis of genetic distances. Bootstrap values
are indicated in percentages. Dendogram B was generated by
DNAPARS (PHYLIP). The number corresponds to the decay index
of the only variable branch. Dendogram C was generated by
FastDNAml. Numbers correspond to nodes
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Table 2 Maximum Likelihood
parameters of nodes and branch
lengths among various Old and
New World Allium species in
Fig. 1C. Data generated by
fastDNAml (¸R¹ likelihood
ratio test)

Between And Length Approximate LRT
confidence limits

9 12 0.13832 (0.10101, 0.17811) **
12 A. oreophilum 0.11276 (0.08143, 0.14582) **
12 A. gigantetum 0.08924 (0.06097, 0.11892) **
9 1 0.04902 (0.02296, 0.07626) **
1 2 0.08792 (0.05763, 0.11984) **
2 A. sativum 0.14275 (0.10924, 0.17825) **
2 4 0.00688 (zero, 0.01861)
4 A. schoenoprasum 0.05766 (0.03630, 0.07982) **
4 A. senescens 0.07796 (0.05332, 0.10366) **
1 19 0.10589 (0.07305, 0.14066) **

19 N. siculum 0.21810 (0.17424, 0.26544) **
19 3 0.04985 (0.02547, 0.07527) **
3 16 0.06139 (0.03762, 0.08614) **

16 A. triquetrum 0.09194 (0.06531, 0.11982) **
16 11 0.02612 (0.01101, 0.04163) **
11 A. moly 0.09145 (0.06528, 0.11883) **
11 14 0.03735 (0.01883, 0.05647) **
14 17 0.00659 (zero, 0.01577) *
17 A. roseum 0.07577 (0.05321, 0.09921) **
17 A. chamaemoly 0.03421 (0.01909, 0.04972) **
14 20 0.01142 (0.00119, 0.02183) **
20 A. neapolitanum 0.04683 (0.02904, 0.06516) **
20 10 0.03137 (0.01656, 0.04656) **
10 A. zebdanenense 0.00918 (0.00133, 0.01714) **
10 A. subhirsutum 0.00217 (zero, 0.00672)
3 15 0.01701 (0.00227, 0.03212) **

15 18 0.01762 (0.00580, 0.02968) **
18 A. validum 0.01061 (0.00224, 0.01910) **
18 A. goodingii 0.01838 (0.00757, 0.02939) **
15 8 0.01103 (0.00085, 0.02139) **
8 21 0.06330 (0.04248, 0.08488) **

21 A. cernuum 0.00000 (zero, 0.00302)
21 A. stellatum 0.01110 (0.00292, 0.01940) **
8 5 0.00842 (zero, 0.01968) *
5 A. sanbornii 0.13845 (0.10638, 0.17234) **
5 22 0.03296 (0.01634, 0.05007) **

22 A. bolanderi 0.04924 (0.03065, 0.06842) **
22 13 0.03472 (0.01785, 0.05209) **
13 A. dichlamydeum 0.08386 (0.05975, 0.10900) **
13 7 0.04089 (0.02314, 0.05918) **
7 A. unifolium 0.03597 (0.02072, 0.05914) **
7 6 0.00468 (zero, 0.01158)
6 A. amplectens 0.03230 (0.01790, 0.04706) **
6 A. hyalinum 0.03856 (0.02287, 0.05468) **
9 A. neriniflorum 0.08596 (0.05710, 0.11629) **

*,** Significantly positive at P(0.05 and P(0.01, respectively
Ln Likelihood"!6999.20085

The average MLGD value was 20% higher when
Nothoscordum was included in the calculations (data
not shown) though FITCH and KITCH generated
trees which were topologically similar to Fig. 1A.
MLGD values calculated from an alignment excluding
Nothoscordum are shown in Table 3. The MLGD
values of N. siculum indicate that it is more similar
to species under subg. Amerallium (0.36$0.03) than
to representatives of other Allium subgenera, viz.
A. sativum (subg. Allium), A. giganteum (subg. Melano-
crommyum) and A. senescens (subg. Rhizirideum)
(0.49$0.04). The MLGD values among the Old and

New World members of subg. Amerallium are much
lower (0.20$0.07) than those among the Old World
representatives of the other subgenera and the Old
World species classified under subgenus Amerallium
(0.36$0.15). The MLGD values among New World
Amerallium (0.36$0.15). These relationships are more
simply summarized in the dendrograms in Fig. 1.

The phylogenetic tree generated by KITCH using
the molecular clock hypothesis was significantly differ-
ent from the tree produced by FITCH that did not
assume a molecular clock (F22,231"10.93**). This
means that some of the assumptions of the molecular

426



Table 3 Maximum Likelihood genetic distances between ITS DNA sequences of some Old and New World Alliums

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

1 A. neriniflorum
2 A. giganteum 0.35
3 A. oreophilum 0.38 0.22
4 A. senescens 0.29 0.37 0.39
5 A. schoenoprasum 0.31 0.44 0.46 0.15
6 A. sativum 0.35 0.50 0.51 0.20 0.20
7 N. siculum 0.44 0.51 0.55 0.47 0.50 0.51
8 A. triquetrum 0.38 0.51 0.54 0.44 0.46 0.50 0.40
9 A. moly 0.37 0.49 0.53 0.42 0.43 0.47 0.35 0.17

10 A. chamaemoly 0.34 0.50 0.52 0.41 0.43 0.46 0.34 0.19 0.13
11 A. roseum 0.40 0.51 0.56 0.44 0.44 0.47 0.41 0.21 0.16 0.11
12 A. neapolitanum 0.39 0.50 0.54 0.44 0.44 0.47 0.37 0.19 0.15 0.10 0.12
13 A. subhirsutum 0.36 0.50 0.52 0.40 0.40 0.42 0.34 0.18 0.13 0.08 0.12 0.07
14 A. zebdanenense 0.36 0.50 0.52 0.41 0.40 0.42 0.34 0.18 0.13 0.08 0.11 0.07 0.00
15 A. cernuum 0.34 0.45 0.49 0.39 0.40 0.42 0.33 0.24 0.20 0.22 0.24 0.23 0.22 0.21
16 A. stellatum 0.35 0.46 0.50 0.40 0.41 0.43 0.34 0.25 0.21 0.22 0.25 0.24 0.22 0.22 0.00
17 A. goodingii 0.35 0.43 0.47 0.38 0.39 0.42 0.32 0.21 0.20 0.20 0.22 0.22 0.20 0.20 0.10 0.10
18 A. validum 0.35 0.44 0.46 0.37 0.38 0.41 0.31 0.20 0.19 0.20 0.21 0.21 0.19 0.19 0.09 0.10 0.04
19 A. sanborni 0.40 0.49 0.51 0.45 0.44 0.45 0.37 0.29 0.26 0.26 0.27 0.26 0.25 0.25 0.17 0.17 0.17 0.16
20 A. bolanderi 0.40 0.45 0.50 0.42 0.44 0.45 0.37 0.27 0.26 0.26 0.28 0.26 0.24 0.24 0.15 0.16 0.12 0.13 0.21
21 A. dichlamydeum 0.41 0.51 0.52 0.45 0.45 0.46 0.41 0.31 0.28 0.28 0.29 0.29 0.28 0.28 0.20 0.21 0.18 0.18 0.18 0.17
22 A. unifolium 0.45 0.53 0.54 0.47 0.47 0.50 0.40 0.33 0.29 0.31 0.32 0.31 0.29 0.30 0.21 0.21 0.19 0.19 0.17 0.17 0.16
23 A. amplectens 0.42 0.51 0.52 0.47 0.48 0.48 0.38 0.30 0.26 0.27 0.29 0.27 0.26 0.26 0.20 0.21 0.18 0.18 0.21 0.18 0.16 0.09
24 A. hyalinum 0.43 0.53 0.54 0.46 0.48 0.49 0.38 0.33 0.28 0.30 0.30 0.30 0.29 0.29 0.20 0.20 0.18 0.18 0.21 0.17 0.15 0.09 0.09
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clock hypothesis have been violated. DNAMLK pro-
duced a phylogeny which was slightly different (in some
clusters) from that generated by fastDNAml.

Discussion

PCR factors and ML genetic distances

The rather high genetic distances (in Table 3) calculated
by Maximum Likelihood analysis of the ITS sequences
in Allium must be justified in light of known procedural
limitations of PCR amplification and sequencing of
ITS sequences. The high copy number (up to 30 000 per
cell) of rDNA in plant genomes allows easy amplifica-
tion, but it also increases the possibility of amplifying
divergent paralogues from deactivated rDNA sites
(Buckler et al. 1997). This is a major limitation when
sequencing rDNA genes from individual clones. Fortu-
nately, the small error rate of ¹aq polymerase dictates
that the predominant signal in direct sequences of
pooled PCR products is likely to represent DNAs that
were accurately replicated (Baldwin et al. 1995). They
recommended sequencing both strands of the ITS re-
gion from products of different PCR reactions to re-
duce the possibility of generating artifacts from PCR
‘drift’, ‘jumping’, ‘selection’ and ‘chimera formation’.
Hence, in line with the recommendations of Baldwin
et al. (1995), our procedures involve pooling (at least)
two independent PCR reactions and repeating both
forward and reverse sequencing reactions at least twice.

Buckler et al. (1997) noted that, in some species, ITS
sequences generated using standard PCR conditions
turned out to be divergent paralogues. They hy-
pothesized that the secondary structure of the function-
ing rDNA inhibited proper denaturation such that the
‘mutant’ paralogues that did not possess secondary
structures were preferentially amplified. If these ‘diver-
gent paralogues’ do not show secondary structure,
priming and background polymerization could well
occur during the mixing phase. Buckler et al. (1997)
also reported that DMSO increased the fidelity of the
PCR by ensuring that both standard and divergent
sequences were ‘denatured’ starting from mixing to
PCR proper. The main role of DMSO is to lower the
annealing temperature (Tm) of the primer, but it may
also theoretically increase the effective denaturation
temperature (Chester and Marshak 1993). Like many
other researchers, we obtained disappointing results in
our preliminary attempts to perform PCR in the pres-
ence of DMSO.

We used the ‘Cold-Mix’ and manual ‘Hot Start’
procedures to reduce the possibility of unwanted
priming and background polymerization under non-
denaturing conditions (during mixing up to the first
denaturation step) and ensure that PCR starts at a
denaturing temperature. Initial denaturation was

performed at 94°C for 3 min. ‘Touchdown PCR’ was
used to ensure that the initial annealing of the primers
occurs at the highest possible temperatures, e.g. 65°C.
‘Touchdown PCR’ is especially helpful if mutations
associated with the non-standard ITS paralogues occur
in the priming site.

These procedures generated clean, relatively muddle-
free forward and reverse sequences that were easily
aligned in each species. The average GC content
(50.9%) of the sequences is well within the range of
GC contents reported in other species (Baldwin et al.
1995). This moderately high GC content also affirms
the veracity of the sequences generated in this study
because, according to Buckler et al. (1997), divergent
paralogues usually show higher AT values (through
deamination).

Sequence alignment and ML genetic distances

Genetic distance values, regardless of method, are basi-
cally determined by the sequence alignment. Manual
alignment of clearly heterogenous sequences is not
only very difficult but also quite prone to subjective
bias and error. The most popular alignment pro-
gramme, CLUSTAL W, has many features which allow
researchers to ‘fine-tune’ the alignments. Such fine tu-
ning, if done without sufficient theoretical justification,
leads to doubts regarding objectivity.

Iterative alignment was performed using the ‘‘old
guide tree file’’ option. This means using the NJ tree file
generated in the previous alignment to realign the
sequences in the following iteration. Up to a point,
retaining the gaps between alignments resulted in
ever-increasing final lengths of the aligned sequences.
In addition, CLUSTAL W has the unfortunate
predeliction of adding unnecessary gaps when this op-
tion is used. On the contrary, resetting gaps between
alignments resulted in, up to a point, lower final lengths
of the aligned sequences. Although differences in speci-
fic genetic distances were noted between these two
modes of alignment, the overall average MLGD differ-
ed by only 4%, and the trees generated by both proced-
ures also showed the same topology (data not shown).
Mindful of the artificiality of gaps in DNA sequences,
we present and discuss only the shorter alignment in
this report.

ML genetic distances and outspecies considerations

The use of an Allium look-alike such as Nothoscordum
as an outspecies confirms the aphorism that ‘appearan-
ces can be misleading’. Nothoscordum was used as an
outspecies also because it is primarily an American
species and, hence, it would have been quite useful in
establishing an American connection to the genesis of
Allium. Unfortunately, the generally high K2P genetic
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distance estimates associated with this entry do not
justify any discussion on probable linkages.

Fay and Chase (1996) had also shown by means of
rbcL sequence analysis that Nothoscordum is quite dis-
tantly related to Allium. This is a well-known weakness
of ITS sequence analysis — that it is not very useful at
higher taxonomic levels. Hence, we cannot recommend
ITS sequence analysis to determine relationships be-
yond the genus level in the Alliae.

Sequence alignment and the consequent genetic dis-
tances obviously depend on the homogeneity of the
genetic makeup of the sequences. Removal of Nothos-
cordum from the alignment reduced the average genetic
distance among species by 20.2%, but this did
not dramatically change the topology of the tree. In
view of this, the genetic distances in Table 3 were
calculated from sequences that did not include Nothos-
cordum.

Phylogenetic implication of large ML genetic distances

The large ML distances shown in Table 3 only leads to
one conclusion: Allium is an old genus that was most
probably already well-differentiated in the early Terti-
ary period (Hanelt et al. 1992). Fossilized pollen from
¸iliaceae have been dated back to the Eocene (Tiffney
1985), approximately 34—53 mya. Hanelt et al. (1992)
speculated that Allium was already well-differentiated
at the time when the Tethys sea link still connected
Europe to North America. This land bridge in the
North Atlantic broke up in the early Eocene (Tiffney
1985).

Allium could be one of the many herbaceous plants
that, according to Tiffney (1985), formed part of the
floor or disturbed sites of the boreotropical forests that
covered the northern latitudes during the early Terti-
ary. Some Alliums (e.g. A. triquetrum and N. siculum)
still possess some of the characteristics (e.g. tolerance to
shade or damp sites) needed to survive in disturbed
sites in the forest floor. Allium also consists of many
species with weed-like properties — short life cycles,
profuse seed production and efficient distribution. The
mild temperate to subtropical conditions prevailing
in the northern latitudes during the Paleocene and
Eocene Eras (Tiffney 1985) would have promoted rapid
world-wide colonization. Asexual propagules (bulbs,
bulbils, bulblets, rhizomes, stolons, etc.) became an
important mode of propagation later, probably in
response to climatic fluctuations starting in the
Oligocene (Cheremushkina 1992; Tiffney 1985).

Mode of reproduction and estimates of
nucleotide substitution rates

Allium exhibits prolific sexual reproduction and a short
generation time that, combined with sexual recombina-

tion among sympatric taxons, can introduce an upward
bias in estimates of the ‘mutation’ rates of gene se-
quences (see Baldwin et al. 1995; Buckler et al. 1997).

The rapid spread to new habitats and elimination of
unfit types increase genetic diversity. Fixation of the
genotype by various modes of asexual propagation
present in genus Allium must have assured survival in
the fluctuating climates of the mid-Tertiary. Increasing
reliance on asexual propagules obviously reduces gen-
etic variance and effectively results in lower estimates of
mutation rates.

This dual mode of reproduction probably con-
founded the estimates of sequence divergences because
KITCH generated a phylogenetic tree that was signifi-
cantly different (by the F-test) from those made by
FITCH. DNAMLK and fastDNAml also generated
trees with noticeably different topologies. These results
should be borne in mind whilst interpreting nucleotide
substitution rates (which can be derived from K2PGD
estimates) and the consequent calculations on diver-
gence time.

ITS phylogeny and taxonomic classification of
Allium subgenera

Traub (1968, 1972) proposed classifying the 600 or so
Allium species under three subgenera, viz. Allium,
Amerallium and Nectaroscordum. In Traub’s classifica-
tion, N. siculum was the type species of subg. Nectaros-
cordum; subg. Amerallium united the North American
species with the Mediterranean Alliums classified under
sect. Molium Endl. and species that are now classified
under sections Arctoprason Kirschl. and Briseis (Salisb.)
Stearn (Hanelt et al. 1992); and the rest of the species
were lumped together in subg. Allium. The
species in Fig. 1 are distributed in accordance with
Traub’s tri-partite division of the genus.

Traub’s definitions of subg. Allium and subg. Ameral-
lium are apparently too heterogenous with respect to
other taxonomic characters deemed important by pres-
ent-day Allium specialists. Hanelt et al. (1992) collated
sufficient evidence to reassemble the species pooled by
Traub in subg. Allium into five subgenera viz. Allium,
Bromatorhiza, Caloscordum, Melanocrommyum and
Rhizirideum. RFLP analysis of chloroplast DNA sub-
sequently suggested the elimination of subg. Bromator-
rhiza and the redistribution of some of its members into
the Old World group of subg. Amerallium (Samoylov
et al. 1995). Representative species of subgenera Allium,
Caloscordum, Melanocrommyum and Rhizirideum are
separated in distinct branches in Fig. 1.

Allium species in Fig. 1C are arranged from bottom
to top as follows: node 1 — Old World (Asia and
Europe) Allium representatives from subg. Caloscor-
dum, Melanocrommyum, Allium and Rhizirideum; node
19 — sole representative of subgenus Nectaroscordum
that is distributed in Southern Europe and the
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Mediterranean; node 3 — Old and New World Ameral-
liums: node 16 — Old World Ameralliums; and node 15
— New World Ameralliums. All these nodes are distinct-
ly present in all the trees generated by the various
analytical programmes mentioned above.

Hanelt et al. (1992) noted that subg. Amerallium and
Rhizirideum share many basic morpho-physiological
properties which may reflect a common ancestry,
a close relationship and the common rather ancestral
state within the genus. However, the position of Rhi-
zirideum (represented by A. senescens and A. schoenop-
rasum) vis-a-vis the Ameralliums in Fig. 1 indicates that
Nectaroscordum and the Ameralliums took an ancient
fork down the evolutionary road, separating from the
rest of the genus Allium, i.e. the ancestral relationship
may be common but not close. Figure 1 clearly indi-
cates that Ameralliums have more in common with
Nectaroscordum than with Rhizirideum.

Phylogenetic relationship between
Nectaroscordum and genus Allium

With (Fig. 1A) or without (Fig. 1B, C) N. gracile as
outspecies, N. siculum is clearly interposed between
subg. Amerallium and the rest of genus Allium. It is
nearer to the Ameralliums than subg. Caloscordum
(0.36$0.03 vs. 0.39$0.03). The MLGD between N.
siculum and the non-Ameralliums is 0.49$0.07. The
relative isolation of this species from the rest of Allium
in Fig. 1 indicates that it can be considered as a sub-
genus in genus Allium.

Nectaroscordum was excluded from the infrageneric
classification of genus Allium proposed by the Gater-
sleben group (Hanelt et al. 1992). Fritsch (1992) found
that the septal nectaries of Nectaroscordum are too
different from the rest of Allium. This difference, how-
ever, has to be weighed in relation to its chemo-mor-
phological similarities to genus Allium. Traub (1968)
noted that the vascular bundles of Nectaroscordum and
Amerallium (with few exceptions) are laid out in one
row. Later, he (Traub 1972) added that the laticifers in
subgenera Amerallium and Nectaroscordum are hypo-
dermal in the bulb scale, whereas these structures occur
in the second layer below the epidermis (or deeper) in
the rest of genus Allium.

In terms of MLGD of the ITS sequences (Table 3),
the average MLGD between N. siculum and the rest of
the entries in Table 3 is 0.40$0.07. Old and New
World Ameralliums are more closely related to Nec-
taroscordum (0.36$0.03) than they are to the rest of
the Old World Allium representatives (0.49$0.04).
These data lead to only one conclusion — include Nec-
taroscordum as a subgenus in Allium. Hence our results
confirm conclusions made by Traub (1968, 1972),
Dahlgren et al. (1985) and Fay and Chase (1996) sug-
gesting the reinclusion of Nectaroscordum in genus Al-
lium. Stearn (1978) noted that the nomenifer Allium

subg. Nectaroscordum (Lindl.) Asch.&Graeb (1905) is
63 years older than Allium subg. Nectaroscordum
(Lindl.) Traub.

ITS phylogeny and Amerallium biogeography

Assuming an Asian origin, Hanelt et al. (1992) postu-
lated that the Ameralliums (x"7) spread to North
America via the Bering land bridge, but these authors
were silent on the origin of the Mediterranean Ameral-
liums. From the putative Asian center, the Old and
New World Ameralliums could have split up, with the
first group migrating to America via the Bering land
bridges while the remainder later moved west and
ended up in the Mediterranean. This interpretation has
a rather wide time window starting from the Pre-
Tertiary to the late Miocene (from 90 to 5 mya). Traub
(1968) opined that the genus Allium had already at-
tained circumpolar and circumboreal distribution in
the Miocene about 25 mya. In such an old genus, oppo-
site migratory directions would dictate a great diver-
gence between the Old and New World Ameralliums.
One objection to this hypothesis is the relative dearth
of species in continental Asia (between the Mediterra-
nean and North America) that are unquestionably
Ameralliums.

The alternate hypothesis is a predominantly uni-
directional migration via the land bridges at Bering and
North Atlantic. Unidirectional migration would also
explain the monophylly of the Old and New World
Ameralliums (Fig. 1C, node 3), the prevalence of ‘primi-
tive’ characters (e.g. rhizomes) in the New World
Ameralliums (McNeal and Ownbey 1973) and their
corresponding rarity in the Old World Ameralliums
(Mann 1960; de Wilde-Duyfjes 1976). This unidirec-
tional theory, however, assumes that the genus Allium
was already well-differentiated (into the x"7 and
x"8 forms) before the break-up of the North Atlantic
bridge in the Early Eocene.

Axelrod (1975) postulated that gene flow between the
Mediterranean and North America could have con-
tinued in the early Oligocene (34 mya) until the end of
the Paleogene (25 mya), when a drop in sea level pro-
vided a means of migration via microcontinents and
volcanic island stepping stones. According to Stearn
(1978) Allium bulbs can float unimpaired for a long
time in salt water. This may also explain the predomi-
nantly coastal distribution of Mediterranean Moliums,
e.g., the natural habitat of A. chamaemoly includes
sands and rocks by the sea, in salt marches and in salt
meadows (de Wilde-Duyfjes 1976). If this was the case,
then the time window of the unidirectional hypothesis
extends up to 25 mya.

The average MLGD between the Old World and
New World Ameralliums is 0.25$0.04 and, assuming
a divergence time of approximately 50—25 mya this
would result in nucleotide substitution rates equal to
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approximately, 2.55—5.09]10~9 per site per year. Sang
et al. (1994) provided an estimate of approximately
3.90—6.06]10~9 per site per year for the ITS region of
Dendroseris. Considering the short generation time in
Allium (relative to Dendroseris) and the confounding
effects of asexual propagation, the higher estimate
(5.09]10~9) would probably be nearer to the true rate
among Ameralliums.

Hanelt et al. (1992) postulated that A. schoenop-
rasum, a circumpolar species, is a recent postglacial
migrant to North America. However, the MLGD from
A. senescens is 0.15, which dates the divergence between
the two species during the Miocene, between approx-
imately 14 and 28 mya. Hence, this species could have
migrated into North America through the Bering land
bridge during warm intervals that, according to Wolfe
(1978), occurred during the early to middle Miocene
(approximately 17—15 mya) and the late Miocene to
early Pliocene (6—5 mya). A comparison between the
North American and Siberian forms of this species
would give a more exact date of this migration. Future
research must include more North American Ameral-
lium species in order to elucidate the possible role of the
Rocky Mountains and, hopefully, provide a more spe-
cific time frame for the evolution of these species.

Controversial species in subg. Melanocrommyum

A. neriniflorum was assigned by Kamelin (1980) into
subg. Melanocrommyum. Hanelt and Fritsch (1994)
cited sufficient differences in morphology, phenology
and distribution to justify ranking Caloscordum as an
Allium subgenus beside subg. Melanocrommyum. Friesen
(1995) insisted that C. neriniflorum belonged to an inde-
pendent genus, but more recently Friesen (personal com-
munication) affirmed that A. neriniflorum clearly belongs
to the genus Allium, near subg. Melanocrommyum.

The average MLGD between A. neriniflorum and the
rest of the Allium (including Nectaroscordon) species is
0.37$0.04. It is closer to the non-Ameralliums
(0.33$0.04) than it is to the Ameralliums (0.39$0.03).
Figure 1 places Caloscordum roughly between repre-
sentatives of Melanocrommyum and Allium/Rhi-
zirideum. Hence our data also affirm the status of
Caloscordum as a subgenus in genus Allium and its
closer relationship with Melanocrommyum.

We (Dubouzet and Shinoda 1998) suggested the need
to verify the position of A. oreophilum vis-a-vis sections
Molium and Briseis and subg. Melanocrommyum. A.
oreophilum is clearly associated with subg. Melanocrom-
myum (represented by A. giganteum) in Fig. 1.

Relationships among Old and New World Ameralliums

The circumscription of subg. Amerallium Traub is
based on chromosome number, structure of the leaf

vascular bundles and tepal nerves (Traub 1968, 1972);
serological studies and electrophoretic profiles of seed
proteins (Hanelt et al. 1992; Maas 1992); and by chloro-
plast RFLP analysis (Samoylov et al. 1995; Linne von
Berg et al. 1996). However, McNeal and Ownbey (1973)
cited bulb characters such as the origin of the resistant
layer, the order of development of the increase and
renewal bulbs and the lack of a prophyll in some
Alliums in the western United States to debunk their
purported relationship to the Mediterranean Moliums.

Figure 1 illustrates the basic relationship between
Old and New World species of Traub’s Amerallium,
and it graphically affirms previous results based on
RFLP analysis of cpDNA (Samoylov et al. 1995) that
clearly classified the Old and New World species in
different clusters. Moreover, as in Fig. 1, Samoylov
et al. (1995) also showed that the ranges of genetic
variation (indicated by branch lengths) in both
New and Old World clusters are almost similar. The
average MLGD among the Old World Ameralliums is
0.13$0.05, while those among the New World
Ameralliums is 0.16$0.05.

The data in Table 3 suggest that there may be sufficient
molecular diversity to warrant the elevation of the Old
and New World branches to subgenus level. The GD
value between A. sativum (type species of subg. Allium)
and A. senescens (type species of subg. Rhizirideum) is
0.20, whereas the average MLGD value between the
Old and New World Ameralliums is 0.26$0.04. This
diversity is graphically illustrated by their separation
into different nodes (15 and 16) in Fig. 1C.

Conferring separate subgenus status to the Old and
New World Ameralliums may help resolve the seeming
conflict in Traub’s subg. Amerallium posed by the dis-
junctive distribution and the distinct differences in bulb
morphology and morphogenesis of its component
species.

Review of subg. Amerallium Traub

Restricting Traub’s subg. Amerallium to the North
American Alliums basically implies elevating Traub’s
subsections to section status. The New World Alliums
are distributed in two distinct branches in Fig. 1C.
Node 18 includes representatives of sect. Caulor-
hizirideum Traub. Species clustered in from node 8 to
node 6 belong to sect. ¸ophioprason Traub. True to
form, however, Traub’s definition of sect. ¸ophioprason
encompasses a large diversity of species that Ownbey
originally distributed to five different ‘Alliances’, viz.
AA. acuminatum, campanulatum, canadense, cernuum,
falcifolium and sanbornii (see Saghir et al. 1966).
MLGD estimates can be used as a simple and objective
yardstick to justify the establishment or repudiation of
such controversial taxonomic groups.

For example, the genetic distance between A.
senescens (type species of sect. Rhizirideum) and
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A. schoenoprasum (type species of sect. Schoenoprasum)
is 0.15. Out of the 45 possible pair-wise combinations
among the New World Ameralliums, 34 are equal to or
greater than 0.15. Caveat: the use of genetic distance as
a taxonomic indicator should be used only after the
factors that influence these estimates (see above) have
been thoroughly addressed.

The genetic distances in Table 3 and the topology in
Fig. 1 reveal that, similar to sections Caulorhizideum,
Traub’s subsections Acuminata (node 13), Cernua (node
21) and Sanborniana (node 5) can be accorded section
status. These subsections correspond to Ownbey’s
AA. acuminatum, cernuum and sanbornii ‘Alliances’
(D.W. McNeal, personal communication). Subsect.
Bolanderiana (node 22) Traub, which he extracted from
Ownbey’s A. acuminatum ‘Alliance’, may also deserve to
be raised to section status.

The molecular diversity among this albeit small
sample of North American Alliums reveals that there is
sufficient genetic variation in the New World Alliums to
justify the redistribution of these species into new sections
and subsections. The molecular relationships among
a more comprehensive set of North American Alliums
will provide a clearer picture on the exact groupings.

McNeal (1992) reported several traits such as bulb
and seed coat morphology that could be useful in
reexamining the classification of these species. Saghir
et al. (1966) also found extensive variation in the com-
position of volatile chemicals in these species. Closer
examination of live specimens, as Khassanov and
Fritsch (1994) demonstrated for subg. Melanocrom-
myum, will reveal additional morphological differences
among these New World Alliums that may help justify
reclassification.

A reasonable alignment between the current Gater-
sleben classification and Traub’s subsections or Own-
bey’s ‘Alliances’ may be obtained by a comparison of
genetic distances generated from representative sec-
tions and subsections of the well-studied subg. Allium,
Melanocrommyum and Rhizirideum.

Subgenus Molium (Koch) Wendelbo in retrospect

Wendelbo (1969) pooled sect. Molium G. Don ex Koch
and sect. Briseis (Salisb.) Stearn in subg. Molium (Koch)
Wendelbo. According to de Wilde-Duyfjes (1976), sect.
Molium G. Don ex Koch includes species that were
previously classified under sections Chamaeprason
Herm. and Xanthoprason Herm. Species classified un-
der Molium and Brieseis are well separated in the clus-
ter containing the Old World Ameralliums in Fig. 1.
Wendelbo’s doubts about the inclusion of sect. Por-
phyrason in this subgenus turned out to be well founded
since A. oreophilum is more closely related to subg.
Melanocrommyum (Fig. 1; Linne von Berg et al. 1996).

Species under sect. Molium are clustered at nodes 11
and 14. A. moly (Fig. 1C, node 11) is distinctly separated

from the rest of the species in agreement with the
establishment of subsect. Xanthoprason (Herm.) Traub
(node 11) and subsect. Molium (G. Don ex Koch) Traub
(node 14) by Hanelt et al. (1992).

A. chamaemoly is cytologically and morphologically
distinct from the rest of subg. Molium. Hence, most
authorities on Allium taxonomy classify A. chamaemoly
in sect. Chamaeprason (Hanelt et al. 1992; Kollmann
1984; Stearn 1978). Traub (1972) assigned A. chamaemoly
in subsect. Chamaeprasa (Herm.) Traub of sect. Molium
Endl. As mentioned above, de Wilde-Duyfjes (1976)
included this species in sect. Molium G. Don ex Koch.

Figure 1 indicates that changes in the ITS DNA
sequence of A. chamaemoly did not keep pace with the
extreme karyological divergence shown by this species
(Tzanoudakis 1992) relative to the other species in
subg. Molium (Koch) Wendelbo. This asynchrony sug-
gests that karyotype changes that usually have dra-
matic effects on morphology do not have the same
effect on the rate of random mutations, which is the
presumptive force behind variation in intronic DNA
sequences. From the taxonomic viewpoint, mere
aneuploidy, which can be accompanied by drastic
morpho-physiological changes, does not automatically
confer section status to a given taxon. The MLGD
values between A. chamaemoly and the other species in
sect. Molium (Koch) Wendelbo are too low to confer
section status to this species. Hence, our results confirm
the decision of de Wilde-Duyfjes (1976) who included
A. chamaemoly in sect. Molium (Koch) Wendelbo.

Conclusions

DNA sequence analysis of the ITS region is a useful
tool in the intrageneric classification of Alliums. Our
results prove that it provides sufficient resolution of
Allium phylogeny and classification from the subgenus
down to the section level. It can be used to establish or
verify taxonomic relationships among taxons with few
(or many) obvious morphological differences. It can be
an important tool in the alignment of incongruent
classifications such as Ownbey’s ‘Alliances’ and the
current subgenus/section classification system. Con-
versely, it can be used as an objective reference when
evaluating the phylogenetic importance of specific mor-
phological characters.

However, phylogenetic analysis of ITS sequences
may not always concur with classifications primarily
based on morphology and karyology, as in the case of
A. chamaemoly.

Our data support Traub’s proposal to include Nec-
taroscordum as a separate subgenus in Allium. On the
other hand, as other Allium taxonomists even before
Traub had surmised, the taxons included under his
definition of subg. Allium had sufficient genetic
variation that warranted subclassification. The same
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situation holds true for his definition of subg. Ameral-
lium. The distinct separation of the Old and New
World Amerallium indicates the justifiability of limiting
the subgenus to its American members. Our data indi-
cate that sect. ¸ophioprason Trab includes too many
divergent species that need to be redistributed, prob-
ably in line with Ownbey’s original ‘Alliances’. The Old
World Ameralliums can be accommodated by resurrec-
ting subg. Molium (Koch) Wendelbo.
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