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� Background and Aims The free-floating aquatic bladderwort Utricularia australis f. australis is a sterile F1 hybrid
of U. australis f. tenuicaulis and U. macrorhiza. However, co-existence of the hybrids and parental species has not
been observed. In the present study, the following questions are addressed. (a) Does the capacity of the two parental
species to reproduce sexually contribute to higher genotypic diversity than that of sterile F1 hybrid? (b) Are there any
populations where two parental species and their hybrid co-exist? (c) If not, where and how do hybrids originate?
� Methods The presence and absence of Utricularia was thoroughly investigated in two regions in Japan. An amp-
lified fragment length polymorphism (AFLP) analysis was conducted for 397 individuals collected from all popu-
lations (33 in total) where Utricularia was observed.
� Key Results The mean number of genotypes per population (G) and genotypic diversity (D) were extremely low
irrespective of the capacity to reproduce sexually: G was 1�1–1�2 and D was 0�02–0�04. The hybrid rarely co-existed
with either parental species, and the co-existence of two parental species was not observed. Several AFLP bands
observed in the hybrid are absent in both parental genotypes, and parent and hybrid genotypes in the same region do
not show greater genetic similarity than those in distant regions.
� Conclusions The capacity to reproduce sexually in parental species plays no role in increasing genotypic diversity
within populations. The observed genotypes of the hybrid could not have originated from hybridization between the
extant parental genotypes within the study regions. Considering the distribution ranges of three investigated taxa, it
is clear that the hybrid originated in the past, and hybrid populations have been maintained exclusively by clonal
propagation, which may be ensured by both hybrid vigor and long-distance dispersal of clonal offspring.

Key words: AFLP, aquatic bladderwort, free-floating aquatic plant, clonal propagation, genotypic diversity, hybrid per-
petuation, natural hybridization, sexual and clonal reproduction, sterile F1 hybrid, Utricularia australis f. australis,
Utricularia australis f. tenuicaulis, Utricularia macrorhiza.

INTRODUCTION

Of the angiosperms with diverse flowering systems, most
have the ability to reproduce clonally, i.e. to produce gene-
tically identical progeny either by vegetative propagation or
by forming seeds asexually (Abrahamson, 1980; Richards,
1997). Compared with sexually produced seeds, clonally
reproduced offspring usually have a limited dispersal ability
(Starfinger and Stöcklin, 1996) but a reduced mortality
risk (Jelinski and Cheliak, 1992; Les and Philbrick, 1993),
and the propagation of ramets within populations likely to
prevent successful seedling recruitment (Abrahamson,
1980). Thus, clonal reproduction strongly influences genetic
variation (McLellan et al., 1997), effective population
size (Barrett et al., 1993) and metapopulation dynamics
(Olivieri et al., 1995; Piquot et al., 1998).

Extensive reliance on clonal reproduction with rare to
sporadic sexual reproduction is recognized as a striking
convergence in aquatic angiosperms, a biological group that
shares several attributes of adaptation to the aquatic condi-
tion (Les and Philbrick, 1993). For example, some forms of
clonal offspring such as turions and shoot fragments are
highly effective, economical means of numerical increase,
resource acquisition and dispersal under aquatic condi-
tions, reducing the selective value of sexual reproduction

(Grace, 1993; Les and Philbrick, 1993). It may be reason-
able, therefore, to consider whether aquatic plants have
lower genetic variation or a smaller effective population
size than terrestrial plants. However, the importance of
sexual vs. clonal reproduction and their relationship to
genetic variation have rarely been studied in aquatic plants,
especially floating-leaved, submerged or free-floating taxa
(Barrett et al., 1993).

Limited or absent sexual reproduction can result from
both ecological and genetic factors (reviewed in Barrett
et al., 1993; Eckert, 2002). Transient infertility, for exam-
ple, may arise at the population level because of environ-
mental suppression of seed maturation (Philbrick and
Les, 1996) and dominance of a few genotypes in self-
incompatible species (Charpentier et al., 2000). Permanent
genetic sterility may be caused by meiotic irregularities
associated with hybridization and changes in ploidy level
(Les and Philbrick, 1993) and the accumulation of sterility
genes (Klekowski, 1997; Eckert et al., 1999; Dorken and
Eckert, 2001; Eckert, 2002). Population genetic conse-
quences of reproductive traits, therefore, should be clarified
in terms of the causes and levels of sterility and its
relationship to clonal reproduction (Eckert et al., 2003).

Utricularia australis R. Br (Lentibulariaceae) is a
carnivorous, free-floating aquatic bladderwort widely distri-
buted in temperate and tropical regions, except North and* For correspondence. E-mail kame@ees.hokudai.ac.jp
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South America (Taylor, 1989). In spite of its widespread
distribution, this taxon displays almost complete sterility
(Taylor, 1989). A fertile group has been observed only in
Japan, where U. australis is classified into two forma:
sterile U. australis f. australis and fertile U. australis
f. tenuicaulis (Komiya and Shibata, 1980; Taylor, 1989;
Araki, 2000). While the phylogeny of Utricularia has
been studied recently based on cpDNA sequences (Jobson
et al., 2003; Müller and Borsch, 2005), the taxonomic
and phylogenetic relationships between U. australis and its
two forma distributed in Japan, U. australis f. australis and
U. australis f. tenuicaulis, remain unclear. However, it has
been demonstrated that (a) U. australis f. australis is a
diploid hybrid that originated by asymmetric hybridization
between U. australis f. tenuicaulis (usually as the female
parent) and its close relative U. macrorhiza (usually as the
male parent); (b) the hybrid U. australis f. australis is
almost completely sterile, in which only 0�6% of the pollen
grains can germinate and almost no seeds can be produced
by intra- and interspecies crossing; and (c) the absence of
post-F1 generation in natural hybrid populations is con-
firmed by the additive patterns of amplified fragment
length polymorphism (AFLP) bands (Kameyama et al.,
2005). It should be noted that AFLP bands common to the
hybrid were invariably derived from either parental species
(Kameyama et al., 2005), and there are no other parental
candidates based on the morphological classification
(Taylor, 1989). Interestingly, co-existence of the hybrids
and parental species has not been observed (Kameyama
et al., 2005).

In the present study, several aspects were addressed:
first, whether the capacity of the two parental species,
U. australis f. tenuicaulis and U. macrorhiza, to reproduce
sexually contributes to higher genotypic diversity com-
pared with the sterile F1 hybrid, U. australis f. australis.
Propagation of the sterile F1 hybrids depends solely on
clonal offspring in the form of many turions and shoot
fragments, while the two parental species use both these
forms of clonal reproduction as well as sexual reproduction
via seed. Thus, it is reasonable to expect that populations
with the capacity for sexual reproduction (parental species)
will contain more genotypic diversity than those with-
out (sterile hybrid). Secondly, confirmation is needed of
the lack of co-existence of three aquatic bladderworts
by exhaustive observation and sampling, because, in a
previous study (Kameyama et al., 2005), sample size was
limited (only 2–6 samples from each population). Thirdly,
an investigation was conducted to address where and
how hybrids originate based on the distribution patterns
of three aquatic bladderworts and their genetic relationship.
The possible scenarios are (a) ongoing hybridization in
some populations (three aquatic bladderworts that co-exist
in some populations have compatible genotypes); (b)
ongoing but rare occurrence of hybridization combined
with long-distance dispersal of offspring (three aquatic
bladderworts that are distributed in distant populations
are genetically compatible); and (c) past hybridization and
long-term clonal perpetuation of the hybrids (extant
genotypes of three aquatic bladderworts are mutually
incompatible).

MATERIALS AND METHODS

Study site and sample collection

The study was performed in the Tomakomai and Tsugaru
regions of northern Japan, which are approx. 250 km apart
(Fig. 1). In the Tomakomai region, the presence and
absence of three Utricularia had been surveyed over 10
years by Masahiro Toyama, Hokkaido Prefecture, Japan
(Y. Kameyama, Hokkaido University, Japan, pers. comm.).
In the Tsugaru region, the distributions of three Utricularia
had been thoroughly surveyed in 1999 and 2000, and
two reports were available (Toyama and Katsumata, 1999;
Uematsu et al., 2000). A further field survey was conducted
in almost all lakes and ponds in both regions. Plant material
was collected from all populations where Utricularia was
observed: 15 populations in the Tomakomai region and
18 populations in the Tsugaru region (Fig. 1, Table 1). An
inflatable boat was used to gain access to the whole surface
of each water body. Sample sizes ranged from three to 43
(mean = 12; 397 total), with large populations sampled
most intensively (Table 1). Stems of all samples were
cleaned with deionized water and frozen at �80 �C for later
DNA extraction.

AFLP analysis

Total genomic DNA was isolated from about 50mg of
tissue from each of the 397 frozen stems by the CTAB
(cetyl trimethyl ammonium bromide) miniprep procedure
(Stewart and Via, 1993).

An AFLP analysis was performed according to the
method of Vos et al. (1995), with some modifications.
Genomic DNA (approx. 0�1mg per sample) was digested
with the restriction enzymes EcoRI and MseI at 37 �C for
1�5 h. Double-stranded adaptors were ligated to the ends
of the digested DNA fragments at 20 �C, overnight. Pre-
selective amplifications were performed using a primer pair
with one additional nucleotide, MseI-C/EcoRI-A. Selective
amplifications were conducted with three fluorescence-
labelled primer combinations, MseI-CC and EcoRI-ACT
(FAM), MseI-CA and EcoRI-ACG (VIC), and MseI-CC
and EcoRI-AGC (NED). The AFLP Amplification Core
Mix (Applied Biosystems, Foster City, CA, USA) and the
GeneAmp PCR system 9700 thermal cycler (Applied
Biosystems) were used for both amplifications. AFLP frag-
ments were detected with an ABI Prism 3100 automated
sequencer (Applied Biosystems) and GENESCAN analysis
software (Applied Biosystems).

Statistical analysis

The number of genotypes observed (G) and the
genotypic diversity (D) within populations were calculated
for each taxon. Genotypic diversity was estimated as D = 1
� S[ni(ni � 1)/n(n � 1)], where n is the number of ramets
sampled and ni is the number of ramets with genotype i.
The value of D ranges from 0, when all ramets sampled
have the same genotype, to 1, when each ramet sampled
has a different genotype (Pielou, 1969). Rank abundances
of genotypes were calculated for each taxon on the basis of
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the number of populations in which the genotype was
observed.

Principal co-ordinate analysis (PCoA) was conducted to
reveal the relationship between genotypes. Genetic simi-
larity was calculated as Sij = 2Nij/(Ni + Nj), where Nij is the
number of shared bands between genotypes i and j, and Ni

and Nj are the number of bands found in genotypes i and j,
respectively (Dice, 1945). Genetic similarity was trans-
formed to dissimilarity using the formula Dij = 1 � Sij, and

then subjected to PCoA. All calculations were performed
with R Package 4�0 software (Casgrain and Legendre,
1999).

Utricularia australis f. australis is a sterile F1 hybrid
between U. australis f. tenuicaulis and U. macrorhiza, in
which no post-F1 generations are produced (Kameyama
et al., 2005). Thus, genotypic similarity between the hybrid
and each of the two parental species can be estimated
selecting AFLP bands polymorphic in both target taxa, but
completely absent in the other parental species. Twenty-
two bands were selected for the comparison of the hybrid
with U. australis f. tenuicaulis, and 17 bands for the
comparison of the hybrid with U. macrorhiza. Genetic
similarity (Sij) (Dice, 1945) was calculated as explained
above, and an UPGMA (unweighted pair group method
with arithmetic mean) cluster analysis was conducted with
R Package 4�0 software (Casgrain and Legendre, 1999).
Bootstrap values for each branch were determined from
1000 replicates using WinBoot software (Yap and Nelson,
1996). Neighbour-joining trees (Saitou and Nei, 1987)
constructed with T-Rex online software (Makarenkov,
2005) confirmed the topologies found with UPGMA
except for small differences in the branch length (data
not shown).

RESULTS

AFLP polymorphism

In total, 262 bands were observed in the AFLP analysis,
with 209 polymorphic bands. Many species-specific bands
were observed in both parental species: 51 for U. australis
f. tenuicaulis and 40 for U. macrorhiza. Genotypes of the
sterile F1 hybrid, U. australis f. australis had most of these
species-specific bands: 43–46 of the 51 (84–90%, mean:
88�5%) U. australis f. tenuicaulis-specific bands, and 33–34
of the 40 (80–85%, mean: 83�1%) U. macrorhiza-specific
bands. AFLP bands common to the hybrid were invariably
derived from either parental species. However, several
bands observed in the hybrid were absent in both parental
species (7–10 for each genotype, 12 total). The number of
polymorphic bands observed within each taxon was 64, 82
and 45 for U. australis f. tenuicaulis, U. australis f. australi
and U. macrorhiza, respectively.

Genotypic diversity

Seven genotypes were observed in ten populations of
U. australis f. tenuicaulis (T1–T7), nine in 18 populations
of sterile F1 hybrid U. australis f. australis (A1–A9) and
six in seven populations of U. macrorhiza (M1–M6)
(Table 1). Most populations consisted of a single genotype
regardless of the potential fertility of the three taxa:
the mean number of genotypes within populations was 1�1
(s.e. = 0�10), 1�2 (s.e. = 0�09) and 1�1 (s.e. = 0�14) for
U. australis f. tenuicaulis, U. australis f. australis and
U. macrorhiza, respectively. Mean genotypic diversity (D),
including monoclonal populations, was 0�05 (s.e. = 0�05),
0�04 (s.e. = 0�03) and 0�02 (s.e. = 0�02) for U. australis
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F I G . 1. Population identities (1–33) and observed AFLP phenotypes in the
sterile F1 hybrid Utricularia australis f. australis (A) and the two parental
species, U. australis f. tenuicaulis (T) and U. macrorhiza (M). The two

regions, (a) Tomakomai and (b) Tsugaru, are about 250 km apart.
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f. tenuicaulis, U. australis f. australis and U. macrorhiza,
respectively.

Genetic structure

The distributions of the three aquatic bladderworts are
mutually exclusive (Table 1). Only two co-existing popula-
tions of the F1 hybrid, U. australis f. australis, and either
parental species were observed: population 14 (with
U. australis f. tenuicaulis) and population 26 (with
U. macrorhiza) (Table 1). It is noteworthy that the
two parental species never co-existed (Table 1).

An identical genotype was occasionally observed in
multiple populations, even populations distant from one
another. In the extreme case, for example, a single genotype
(A3) was observed in about half (8/18 = 44%) of the hybrid
populations across the two regions (Table 1, Fig. 1). The
number of genotypes observed in multiple populations,
however, was relatively small: two of seven genotypes
for U. australis f. tenuicaulis, three of nine genotypes for
U. australis f. australis and two of six genotypes for
U. macrorhiza, with many other genotypes found in only a
single population (Fig. 2).

Genetic similarity

Twenty-two genotypes were analysed by PCoA using
209 polymorphic AFLP bands (Fig. 3). Along the first axis,
genotypes of the sterile F1 hybrid U. australis f. australis
(A) were distributed midway between those of the
two parental species, U. australis f. tenuicaulis (T) and
U. macrorhiza (M), consistent with the results of
Kameyama et al. (2005). Within each taxon, severa genetic
groups were found along the second and third axes: T1–T5
and T6–T7 from U. australis f. tenuicaulis; A1–A2, A3–A5
and A6–A9 from U. australis f. australis; and M1–M2,
M3–M4 and M5–M6 from U. macrorhiza (Fig. 3).
Genetic similarities within each taxon, however, did not
correspond to regions. For example, in U. australis
f. tenuicaulis, the genotype group T4–T5 in the Tsugaru
region was very different from T6–T7 in the same region
(Fig. 3).

Although only a small number of AFLP bands were
available with which to construct the UPGMA dendrogram
(Fig. 4) (see Materials and Methods), the genetic groups
observed were highly consistent with the results of PCoA
(Fig. 3). One genetic group of the hybrid (A1–A2) was

TABLE 1. Sampling locations, population identities and observed AFLP genotypes in sterile F1 hybrid Utricularia australis f.
australis (A) and two parental species, U. australis f. tenuicaulis (T) and U. macrorhiza (M)

ID of AFLP genotype (no. of samples)

Region
Population

ID
Common
name* Locality

No. of samples
in total U. a. f. tenuicaulis U. a. f. australis U. macrorhiza

Tomakomai 1 (Higashi-interchange) 42�420N, 141�400E 4 - A1 (4) -
2 (Higashi-interchange-east) 42�420N, 141�400E 8 - A2 (8) -
3 Lake Utonai 42�420N, 141�430E 15 - - M1 (15)
4 Benntennuma Pond 42�380N, 141�450E 43 - A3 (43) -
5 (Kaigannuma Pond) 42�370N, 141�450E 12 - A3 (12) -
6 Matsunonuma Pond 42�410N, 141�510E 12 T1 (12) - -
7 Tsurunonuma Pond 42�410N, 141�500E 12 - A4 (12) -
8 Okuinuma Pond 42�410N, 141�500E 12 - A4 (12) -
9 Tairakinuma Pond 42�400N, 141�500E 11 - A4 (11) -
10 Ryuzinnuma Pond 42�390N, 141�520E 12 - A4 (12) -
11 (Hamaatsuma) 42�350N, 141�510E 16 T2 (16) - -
12 (Ikeda Pond) 42�370N, 141�530E 11 - A6 (1), A7 (10) -
13 Naganuma Pond 42�380N, 141�540E 12 - A8 (9), A9 (3) -
14 Irishikabetsu Pond 42�370N, 141�550E 22 T2 (9), T3 (4) A7 (9) -
15 (Shiomi Pond) 42�330N, 141�560E 12 - A4 (11), A5 (1) -

Tsugaru 16 Kamisawabenuma Pond 40�530N, 140�190E 12 T6 (12) - -
17 (Tsugaru D) 40�510N, 140�180E 8 T6 (8) - -
18 (Tsugaru E) 40�510N, 140�180E 12 T5 (12) - -
19 Otsutsumi Pond 40�500N, 140�180E 12 T6 (12) - -
20 (Otsutsumi-south Pond) 40�500N, 140�180E 12 T7 (12) - -
21 (Tsugaru 6) 40�510N, 140�200E 3 T6 (3) - -
22 (Tsugaru 7) 40�510N, 140�190E 12 - - M3 (12)
23 (Tsugaru 8) 40�510N, 140�190E 12 - - M5 (11), M6 (1)
24 (Tsugaru H) 40�500N, 140�190E 12 - - M3 (12)
25 Fuzinosawa Pond 40�480N, 140�180E 12 - - M4 (12)
26 (Tsugaru 16) 40�480N, 140�160E 12 - A3 (3) M2 (9)
27 Sakunuma Pond 40�480N, 140�160E 12 - A3 (12) -
28 (Tsugaru 23) 40�470N, 140�150E 12 - A3 (12) -
29 (Tsugaru 22) 40�470N, 140�160E 12 - A3 (12) -
30 (Tsugaru 24) 40�470N, 140�170E 8 - A3 (8) -
31 (Tsugaru 25) 40�470N, 140�170E 5 - A3 (5) -
32 (Tsugaru 26) 40�470N, 140�180E 12 T4 (12) - -
33 (Tsugaru 29) 40�470N, 140�170E 3 - - M2 (3)

* Names in parentheses are arbitrarily given by the authors.
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extremely different from all genotypes of both parental
species (Fig. 4). Genetic group A3–A5 had no similar
genotypes in U. australis f. tenuicaulis, but one genotype
of U. macrorhiza (M4) was relatively similar (Fig. 4).
Although genetic group A6–A9 was relatively similar to
genotypes in both U. australis f. tenuicaulis (T6–T7) and
U. macrorhiza (M1–M2), most of these genotypes were
distributed in different regions: for example, T6–T7 in the
Tsugaru region and A6–A9 in the Tomakomai region
(Fig. 4). Moreover, even when the hybrid and a parental
species were found in the same locality, genotypic similari-
ties were extremely low: T2–T3 and A7 in population 14,
and M2 and A3 in population 26 (Table 1, Fig. 4).

DISCUSSION

Low genotypic diversity within populations

The sterile F1 hybrid, U. australis f. australis, showed
extremely low genotypic diversity within populations
compared with other clonal plants studied to date: the mean
number of genotypes per population (G) was 1�2 and the
mean genotypic diversity (D), including monoclonal
populations, was 0�04. Even in the parental species, with the
capacity to reproduce sexually, the mean number of geno-
types per population (G) was 1�1 for both species, and the
mean genotypic diversity (D), includingmonoclonal popula-
tions, was 0�05 and 0�02, for U. australis f. tenuicaulis and
U. macrorhiza, respectively. Thus, it is concluded that the
capacity to reproduce sexually in aquatic bladderworts
plays no role in increasing genotypic diversity within
populations.

It is generally expected that populations with the
capacity for sexual reproduction will contain more geno-
typic diversity than those without. However, the relative
importance of sexual vs. clonal reproduction may vary
among clonal plants (Eckert, 2002), and the extensive

reliance on clonal reproduction with rare to sporadic sexual
reproduction is recognized as a striking convergence in
aquatic angiosperms (Les and Philbrick, 1993). In addition,
even if many seeds are produced, the seedling establish-
ment largely depends on the existence of safe sites along
with the competition with clonal offspring during recruit-
ment (Abrahamson, 1980). Population genetic consequen-
ces of reproductive traits, therefore, should be clarified in
terms of not only the capacity for sexual reproduction but
also its relationship to clonal reproduction, while only few
studies have examined these questions (Eckert, 1999;
Eckert et al., 2003).

The emergent aquatic plant, Butomus umbellatus, has
marked variation in sexual fertility related to ploidy:
diploids produce abundant viable seeds combined with
hundreds of tiny clonal bulbils, whereas triploids are
sexually sterile and exhibit only limited clonal multiplica-
tion through rhizome fragmentation (Eckert et al., 2003).
Random amplified polymorphic DNA (RAPDs) analysis
detected one extremely common and widespread genotype
for both fertile and sterile populations (Eckert et al., 2003).
More importantly, sexually fertile populations did not
exhibit higher genotypic diversity than sterile populations,
possibly because seeds are outcompeted by bulbils for safe
sites during establishment (Eckert et al., 2003).

Clonal offspring of free-floating aquatic plants, such as
turions and shoot fragments, are highly effective for both
numerical increase and expansion within populations
(Grace, 1993). In addition, carnivorous, free-floating aqu-
atic bladdderworts can acquire resources solely by shoot
fragments, which probably ensure the predominance of
clonal reproduction. The rapid expansion of a few founder
genotypes via extensive clonal reproduction prevents the
subsequent establishment of seedlings and clonal offspring.
Competition between clones and stochastic loss of genets
may further reduce the genotypic diversity within popula-
tions. Widespread expansion of a few clones also inhibits
sexual reproduction in self-incompatible species, because it
enhances self-pollination or geitonogamy among ramets of
the same clone (Eckert, 2000). In aquatic bladderworts,
fruits from self-pollination produce fewer seeds than those
from cross-pollination: the mean number of seeds per fruit
in outcrossed and selfed fruit is 48 and 16 in U. australis
f. tenuicaulis, and 28 and five in U. macrorhiza, respec-
tively (Kameyama et al., 2005). Thus, these data suggest
that rapid and widespread expansion of a few founders
excludes the subsequent establishment of seedlings and
clonal offspring, and, furthermore, inhibits sexual repro-
duction because of reduced seed production caused by
increased selfing.

Distribution patterns of three aquatic bladderworts

Kameyama et al. (2005) clarified the fact that U. australis
f. australis is a sterile F1 hybrid derived from hybridization
between two parental species, U. australis f. tenuicaulis
and U. macrorhiza. In the present study, the additive
patterns of the AFLP bands and the genetic intermediacy of
U. australis f. australis genotypes (Fig. 3) confirm the
hybrid origins and F1 dominance of this taxon. In addition,
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F I G . 2. Rank abundance diagram of clones of the sterile F1 hybrid Utricu-
laria australis f. australis (filled circles) and the two parental species,
U. australis f. tenuicaulis (open squares) andU. macrorhiza (open triangles).
Rankings of the genotypes were estimated for each taxon on the basis of the
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an exhaustive sampling from almost all lakes and ponds in
two regions confirmed that the hybrid rarely co-exists with
either parental species, and the co-existence of two parental
species has not been observed (Table 1).

Interspecific hybrids are highly variable in fertility and
vigor, but, in general, F1 hybrids of closely related species
tend to exceed their parents in vegetative vigor and
robustness (Grant, 1975; Rieseberg and Carney, 1998;
Rieseberg et al., 2000). This phenomenon, referred to as
hybrid vigor or heterosis, has major implications for
evolutionary biology and at least partly explains the
success of allopolyploid species and many clonal hybrid
lineages (Huskins, 1931; Grootjans et al., 1987). Extreme
vegetative vigor has been reported in several hydrophyte
hybrids, where hybrids compete with or even displace
parental species (Les and Philbrick, 1993). The establish-
ment of U. australis f. australis, however, may be ensured
not only by clonal perpetuation but also by long-distance
dispersal of clonal offspring: turions and shoot fragments.
Long-distance dispersal by waterbirds is a well known
characteristic of aquatic organisms (Figuerola and Green,
2002; Green et al., 2002), and the existence of several
identical genotypes in multiple and distant populations of
sterile F1 hybrid (Figs 1 and 2) supports this observation.

Origin of Utricularia australis f. australis

The observed genotypes of the sterile F1 hybrid could
not have originated from hybridization between the extant
parental genotypes within the study regions. This is because
(a) several AFLP bands observed in the hybrid (7–10 for
each genotype) are absent in both parental genotypes; and
(b) parent and hybrid genotypes in the same region do not
show greater genetic similarity than those in distant regions

(Fig. 4). Thus, possible explanations for the origin of the
hybrid genotypes are (a) long-distance dispersal from
outside the study regions; and (b) clonal perpetuation of
genotypes that originated from past hybridization event(s)
(see Introduction).

First, it is considered whether long-distance dispersal
from outside the study regions is a possible explanation. In
Japan, U. australis f. tenuicaulis is distributed widely,
found almost everywhere except northernmost Japan, but
U. macrorhiza is found only in northern Japan (Komiya
et al., 1997; Y. Kameyama, Hokkaido University, Japan,
unpubl. res.). The sterile F1 hybrid is distributed mainly
in northern Japan, in the region where the distribution
ranges of the two parental species are broadly overlapping,
and only a small number of populations are found in
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southern Japan (Kadono, 1994; Y. Kameyama, Hokkaido
University, Japan, unpubl. res.). Thus, candidate sites for
the hybridization between the two parental species are
limited to certain regions in Japan near the study regions.
Even though clonal offspring of aquatic bladderworts have
high dispersal ability via waterbirds (as was discussed in
the previous section), it is unlikely that every population of
the hybrid was derived from colonizing propagules outside
the study regions.

Thus, the most plausible explanation for the origin of the
sterile F1 hybrid is that extant populations of this taxon stem
from the past hybridization event(s). Long-term perpetu-
ation of clones is possible in clonal plants, even if they are
sexually sterile (Les and Philbrick, 1993; Hollingsworth
et al., 1996). This scenario can explain why a small number
of hybrid populations are found in southern Japan, where
one of the two parental species, U. macrorhiza, is not
found. In addition, hybrids in southern Japan occasionally
co-exist with species known as relicts of the last glacial
period (Y. Kameyama, Hokkaido University, Japan,
unpubl. res.), and both the Tsugaru and Tomakomai
regions were greatly influenced by marine transgressions
and regressions during that time (Japan Association for
Quaternary Research, 1987). Such past climate change
could have led to hybridization between parental species
that do not co-exist at the present time. However, more
thorough research is required to estimate the time and
number of hybridization event(s), because climate change is
not the exclusive factor to cause the natural hybridization.

The accurate time and number of hybridization event(s)
remain unclear. However, it is clear from the present
studies that (a) U. australis f. australis originated from past
hybridization event(s); and (b) hybrid populations have
been maintained exclusively by clonal propagation, which
may be ensured by both hybrid vigor and long-distance
dispersal of clonal offspring.
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