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Background — Hybridization and polyploidization are considered important driving forces of invasive
processes. In the invasive Fallopia spp. complex, hybridization between taxa of various ploidy levels has
been experimentally demonstrated. Extensive genetic variation has also been observed among hybrids in
the field. However, what makes a certain hybridization event of evolutionary importance is still the subject
of speculation considering the invasive potential of hybrid Fallopia.

Aims — The present study examined landscape scale patterns of interspecific hybridization within the alien
invasive Fallopia complex, and tested whether cold winter might act as selective agent for hybrid survival.
Methods — Eighty seeds per clone were collected from four taxa (F. japonica, F. sachalinensis, F. aubertii,
and F. x bohemica) and sown in greenhouse and outdoor conditions. Ploidy levels of the resulting seedlings
were determined by flow cytometry at early stages of seedling growth and compared to those of mature
clones present in the same landscapes.

Key results — The four studied taxa were involved in interspecific hybridization patterns. Seedlings
resulting from hybridization had a large range of ploidy levels, including aneuploid and euploid progeny,
and polyploid levels that were not observed in mature clones. Cold winter had a negative effect on
germination success. However, a comparison of ploidy levels of seedlings that survived the cold winter
with those grown under greenhouse conditions indicated that cold winter was not a significant selection
agent for particular ploidy levels.

Conclusions — Our results stress the importance of interspecific hybridization and polyploidization events
in generating invasive hybrids in the alien Fallopia spp. complex. Cold winter represents a selection agent
for the survival of early stages of progeny but does not explain the discrepancies in ploidy levels between
produced seedlings and currently occurring mature clones.
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INTRODUCTION and can be one way of overcoming hybrid sterility (Soltis &
Soltis 1999). Hybridization often involves crosses between

Interspecific hybridization involving an alien species has fre-  djfferent cytotypes generating odd-ploidy intermediates that

quently promoted the evolution of plant invasiveness (Abbott
1992, Ellstrand & Schierenbeck 2006, Schierenbeck & Ell-
strand 2009). Increased human activities has generated new
opportunities for taxa to co-occur and environmental condi-
tions that may better suit hybrids than their parents (Milne &
Abbott 2000, Vila et al. 2000).

Hybridization and polyploidization together induce rapid
evolution of newly formed species (Abbott 2000, Ainouche
et al. 2003, Ayres et al. 2009, Soltis et al. 2004) and could be
the determinants of invasiveness as a result of genotypic and
genomic alterations (Ellstrand & Schierenbeck 2000, 2006).
Polyploidization is a source of increased genetic variation

subsequently produce new even-ploidy levels (Ramsey &
Schemske 1998, 2002). The cytotype frequency and compo-
sition of the offspring depend on factors such as the mating
system and the degree of pre- and post-zygotic reproductive
isolation between cytotypes (Ramsey & Schemske 1998).

Hybridization and gene flow involving alien plant spe-
cies have frequently been described (Abbott 1992, Abbott et
al. 2003, Ellstrand & Schierenbeck 2000, 2006, Preston et
al. 2002, Schierenbeck & Ellstrand 2009) and various stud-
ies concentrated on the invasive capacities of hybrid taxa
(Moody & Les 2002, Pysek et al. 2003, Thum & Lennon
2006). However, at present, little is known about the selec-
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tion processes after the occurrence of crosses between taxa of
different ploidy levels and leading to the invasive success of
some of the resulting hybrids. The evolutionary importance
of particular hybridization events remains to be determined.

Knotweeds, Fallopia spp., are among the most trouble-
some invaders in Belgium (Branquart 2008, Verloove 2006)
and more generally in Europe and North America (Barney
2006, Weber 2003), enhancing nutrient cycling rates and
topsoil fertility, and affecting native plant and animal com-
munities (Dassonville et al. 2007, Gerber et al. 2008, Van-
derhoeven et al. 2005). Originating from Asia (China, Japan,
parts of Korea and Taiwan) and introduced in Europe in the
mid 1800’s as ornamental plants and fodder (Bailey & Conol-
ly 2000), knotweeds are now widely naturalized (Fojcik &
Tokarska-Guzik 2000, Forman & Kesseli 2003, Hollings-
worth & Bailey 2000, Mandak et al. 2003, Verloove 2006).
These plants thrive in various habitats, including riparian
ecosystems and disturbed areas such as roadsides and waste
places (Weber 2003).

In the invasive Fallopia species complex, different ploidy
levels resulting from hybridization and clonality are undoubt-
edly key factors in their invasiveness (Bailey et al. 2009,
Gammon & Kesseli 2010, Gammon et al. 2007, Grimsby et
al. 2007, Krebs et al. 2010). Although vegetative regeneration
is widely recognized as the main mode of reproduction in
the adventive regions, in Belgium several taxa (F. japonica,
octoploid, 2n = 88; F. sachalinensis, tetraploid, 2n = 44; F.
aubertii, diploid, 2n = 20; F x bohemica, octoploid, 2n =
88, and hexaploid, 2n = 66) are involved in the hybridiza-
tion patterns (Tiébré et al. 2007a, 2007b). F. sachalinensis,
F. aubertii, and the octoploid and hexaploid F. x bohemica
display clones producing viable pollen and constitute a po-
tential source for hybridization with F. japonica (octoploid,
2n = 88), which is male sterile (Tiébré et al. 2007a). The very
low fruit set observed in F. japonica is balanced against very
important total production of seed and potential seed rain. As
observed in the UK (Bailey et al. 1995) and the USA (Bram
& McNair 2004, Forman & Kesseli 2003), seed germination
was shown to be possible in Belgium, although significant-
ly reduced after a cold winter period (Tiébré et al. 2007a).
Moreover, RAPD markers indicated that hybrids in this area
displayed high levels of genetic diversity (33 genotypes in
36 sampled hybrid clones) and hexaploid or octoploid levels
(Tiébré et al. 2007b).

In the Czech Republic, a survey comparing vegetative re-
generation showed a rather low number of hybrid genotypes
and suggested a possible environmental selection against
progeny originating by sexual reproduction (PySek et al.
2003). Moreover, Mandék et al. (2005), investigating isoen-
zyme diversity in the same area, recorded 33 genotypes in 88
sampled hybrid Fallopia X bohemica clones. They proposed
that only a few hybrid progeny, preferentially hexaploid hy-
brids, go through the sieve of natural selection. These two
studies suggest that natural selection might be a key factor
in hybrid cytogenetic patterns, but they do not indicate the
diversity of hybrids on which the selection acts, or the selec-
tion agent.

The objectives of the present study were to (1) character-
ize the outcome of hybridization events within the alien inva-

Saad et al., Hybridization in invasive Fallopia

sive Fallopia complex, (2) compare ploidy level of seedlings
resulting from hybridization processes with those of mature
clones observed in some landscapes, and (3) assess the effect
of the cold winter on germination and seedling growth for
different hybridization patterns.

MATERIAL AND METHODS
Species

In Belgium, the four following exotic taxa have been re-
ported within the genus: three erect rhizomatous perennials,
FE japonica (Houtt.) Ronse Decr. (2n = 88), F. sachalinen-
sis (F.Schmidt) Ronse Decr. (2n = 44), and F. x bohemica
(Chrtek & Chrtkova) J.P.Bailey (2n = 66; 2n = 88), and one
climbing horticultural perennial, F. aubertii (L.Henry) Hol-
ub [synonym F baldschuanica (Regel) Holub (2n = 20)]
(Lambinon et al. 2004). F. x bohemica is a hybrid between F.
Japonica and F. sachalinensis and any backcrosses with the
parent species. Based on RAPD markers, no genotypic vari-
ation was found for F. japonica (forty clones) and F. aubertii
(two clones) in Belgium (Tiébré et al. 2007b). Two different
genotypes were found among six clones of F. sachalinensis.
Twenty-eight genotypes were observed out of 29 hexaploid
hybrid F. x bohemica clones and three genotypes out of three
octoploid F. x bohemica hybrid clones.

Sampling

Two different Belgian landscapes were selected where previ-
ous extensive surveys localized all clones of Fallopia spp.
(Tiébré et al. 2007a, 2008): one semi rural landscape (1300
ha) in the vicinity of Gembloux (50°33’N 4°41°E) and one
urban landscape in the Brussels region (50°50’N 4°21°E).
The present sampling in the investigated areas included
clones in the morpho-genetic study of Tiébré et al. (2007b).
In the field, different species were distinguished according to
reported morphological vegetative characteristics (Beerling
et al. 1994, Lambinon et al. 2004, Meerts & Tiébré 2007).
Taxon identification had previously been confirmed by cyto-
genetic analysis (Tiébré et al. 2007a). Leaves were collected
for ploidy level assessment of 27 F. japonica clones, two F.
sachalinensis clones, 21 F. x bohemica clones, and two F. au-
bertii clones. Within each landscape, seeds from among these
52 clones were collected in October 2005, including eight F.
Japonica clones, two F. sachalinensis clones, one F. x bohe-
mica clone, and two F. aubertii clones. The small sample size
of F. sachalinensis and F. X bohemica in this study reflects the
sparse occurrence of £ sachalinensis clones in the landscapes
and the absence of seed production, except for the sampled
clone. For each clone, the proximity to any other male fertile
clone of F. aubertii or F. x bohemica was recorded. At the
landscape level, clones were considered as isolated if the dis-
tance to the nearest pollen donor was more than 400 m.

Collected seeds were directly sown in a 2:1 peat:sand
mixture. Forty seeds per clone were grown in a greenhouse
at 25°C with 16 h light (from 6:00 a.m. until 10:00 p.m.), and
forty seeds per clone were placed outside to test the effects of
cold winter temperatures on germination and hybrid cytotype
survival.
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Ploidy level assessment

Ploidy level was measured by flow cytometry, which rapidly
determines relative nuclear DNA content by measuring the
fluorescence of a specific DNA binding fluorochrome (Gal-
braith et al. 1983). Small leaf disks were chopped with a razor
blade in Petri dishes, after addition of 500 uL. 100 mM pH
7 sodium hydrogen phosphate containing 0.5% v/v Tween
20. After filtration through a 30 um nylon filter, 500 pL of
a solution of 5Sg/L DAPI in 100 mM sodium hydrogen phos-
phate was added (CyStain® DNA 2 steps, Partec®). Flow
cytometry measurements were performed with a Partec® ma-
chine (CA3 software, 1995) equipped with a UV lamp. The
fluorochrome had excitation and emission peaks respectively
at 340 and 470 nm. A tetraploid individual (F. sachalinensis)
with a known chromosome number was used as an internal
standard for each measurement. We used the ratio ‘mean fluo-
rescence intensity of seedling / mean fluorescence intensity
of internal standard’ to assess the ploidy level of seedlings.
To interpret our observations more accurately, chromosomes
were counted for fresh roots tips (according to Bailey & Stace
1992) of some mature plants that were used as marks (seven
nuclei from fresh root tips per clone) (Bailey & Stace 1992,
Tiébré et al. 2007a). Ploidy level assessment was performed
both on greenhouse and outdoor grown seedlings, as well as
on 52 samples collected from mature individuals in the stud-
ied landscapes, including the parents of the seed collections.
The seedling ploidy level distribution was compared to that
of mature clones.

Statistical analyses

We used a Chi-square test to examine differences in mean
ploidy levels between seedlings from isolated clones and
from clones located close to male fertile clones.

RESULTS

Mean germination rates in the greenhouse were 45% and
27.5% for F. japonica and F. sachalinensis respectively and
decreased to 3.75% and 5% respectively for the seeds that
overwintered outside. F. X bohemica seeds reached up to 25%
germination in the greenhouse but they did not germinate out-
side. No F aubertii seeds germinated in the greenhouse or
outside. Seeds germinated after seven days in the greenhouse
and five months when grown outside.

For mature clones, the mean peak ratios in fluorescence
intensity were 0.72, 1, 1.59, and 2.12 respectively for F. au-
bertii 2n=20), F. sachalinensis (2n = 44), F. X bohemica (2n
=60), and F. japonica (2n = 88) (fig. 1). Note that because of
the larger size of F. aubertii chromosomes (Bailey 1989), the
fluorescence peak ratio was not expected to be directly pro-
portional to the number of chromosomes. Substantial vari-
ation in the mean peak ratios was observed for F. japonica
(range = 1.96 to 2.21, SD = 0.08, N = 16) while chromosome
counts always revealed 2n = 88 (seven replicates), indicat-
ing substantial measurement variability. . X bohemica clones
(range = 1.54 t0 2.17, SD = 0.20, N = 20) included both hexa-
ploid (N = 17) and octoploid (N = 3) levels. One aneuploid
hybrid individual was identified with 44 to 66 chromosomes
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Figure 1 — Flow cytometry histogram showing the fluorescence

intensity peaks of four taxa of the Fallopia complex.

in the nuclei (seven replicates).

Based on germination success, a total of 142 seedlings
grown from seeds collected on eight £ japonica clones (115
seedlings), two F. sachalinensis clones (fourteen seedlings),
and one F. x bohemica clone (thirteen seedlings) were used
in flow cytometry analyses. F. japonica seedlings were cyto-
logically extremely variable, with fluorescence ratios ranging
from 1.36 to 3.06. Within this range, three distinct groups of
ploidy levels can be distinguished (fig. 2). Forty-nine seed-
lings (42.6%) exhibited low peak ratios ranging from 1.36 to
1.61. This group covers three potential hybridization outputs.
First, it includes the ratio expected for crosses with £ auber-
tii (2n = 20) leading to hybrids that should exhibit 2n = 54.
The second group of seedlings had peak ratios corresponding
to mature plants exhibiting 2n = 66. These would be typi-
cal hexaploid hybrids with F. sachalinensis as the paternal
parent although no male fertile £ sachalinensis were found
in the studied landscapes. The third range includes the peak
ratio value of the observed mature aneuploid hybrid with 2n
between 44 and 66. These seedlings could therefore also be
hexaploid hybrids with F. sachalinensis that, in addition to
the normal chromosome number (2n = 66), suffered from
irregularities. Thirty-nine seedlings (33.9%) exhibited peak
ratios ranging from 1.81 to 2.30. These seedlings may result
from different backcrosses with unreduced or irregular pol-
len grains from the hexaploid F. x bohemica leading to about
77 chromosomes, or from backcrosses with irregular or un-
reduced gametes of the octoploid F. x bohemica leading to
about 110 chromosomes. Finally, twenty seedlings (17.4%)
exhibited peak ratios ranging from 2.46 and higher, where
unreduced maternal gametes could play a role as well as
backcrosses with the octoploid F. x bohemica (ploidy levels
up to 2n = 132).

E x bohemica seedlings were highly polyploid with ra-
tios ranging from 1.56 to 3.17, which involves crosses with
unreduced gametes. Only one of the seedlings from F. X bo-
hemica corresponded to mature clones in the field and could
be from a normal cross between reduced and regular pollen
of the hexaploid F. x bohemica.

Most F sachalinensis seedlings showed ratios between
1.28 and 1.52. These seedlings suggest crosses with F. x bo-
hemica (2n = 66) leading to hybrids that should exhibit 2n
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Figure 2 — Fluorescence intensity ratios for seedlings (seeds collected from F. sachalinensis, F. x bohemica, and F. japonica) and mature
plants (F. aubertii, F. sachalinensis, F. X bohemica, and F. japonica) in the Fallopia complex. Cross marks represent seedlings of F. japonica
that have survived the cold winter. Open circles represent mature plants assessed by chromosome counts.

= 55. Two seedlings exhibited higher ratios (2.48 and 2.57).
Ratios for the seven seedlings of . japonica that germinated
outside were also variable and ranged between 1.47 and 2.66.
When the location of F. japonica clones was taken into ac-
count, no significant differences in mean ploidy were found
between seedlings from isolated clones vs. seedlings from
clones close to male fertile F. X bohemica (Chi square = 3.13,
d.f. =2,p=0.209).

DISCUSSION

The restoration of F. japonica sexual reproduction through
hybridization was previously demonstrated in Belgium (Tié-
bré et al. 2007a, 2007b). In the present study, our results in-
dicate that four taxa, i.e. F. japonica, F. sachalinensis, F. au-
bertii, and F. X bohemica are involved in interspecific hybrid
crosses in the area. A very large range of ploidy levels was
observed as a result of these hybridization processes, includ-
ing aneuploid and euploid progeny, sometimes with very high
ploidy levels.

43% of F. japonica seedlings originated from crosses with
F aubertii and F. sachalinensis, while no male fertile clone
of the latter was found in the investigated areas. Seedlings
resulting from backcrosses between the hybrid F. x bohemica
and F. japonica were also recorded. This second generation
hybridization further complicated the picture, as second gen-
eration hybrids had significantly higher ploidy levels than
first generation hybrids. However, none of them was found
among established plants in the investigated sites. Interest-
ingly, only one hybrid collected from F. japonica was hexa-

ploid, which could in principle be produced through regular
meiosis. Fertilization by pollen grains of F. x bohemica with
odd-ploidy levels may also be involved as well as unreduced
crosses with F. x bohemica or F. sachalinensis.

Polyploids in flowering plants generate a high frequency
of aneuploid gametes (the mean occurrence of aneuploid pol-
len in allopolyploids is about 45%), which has two possible
outcomes as stated by Ramsey & Schemske (2002). First,
aneuploidy may be lethal either at the gamete or the embry-
onic developmental stages. The resulting progeny of poly-
ploids is a limited number of euploids. Second, aneuploid
gametes operate as euploids generating viable gametes. The
resulting progeny are numerous but comprise a high frequen-
cy of aneuploid individuals (the mean occurrence of aneu-
ploid progeny in allopolyploids is about 28%) (Ramsey &
Schemske 2002). The extensive variation of seedling ploidy
levels shown in the present study indicates the importance of
aneuploid gametes in hybridization events occurring in the
knotweeds complex. F. x bohemica has very irregular meio-
sis, with large numbers of univalents, and multivalents up to
quadrivalents, especially at the hexaploid level (Bailey & Sta-
ce 1992). However, in the investigated area, only one mature
clone (of 21 examined hybrids) was identified as aneuploid
(from 44 to 66 chromosomes). Aneuploidy is often assumed
to act as a key step in evolution and speciation, sometimes
enabling transitions between euploid chromosome numbers
(Burton & Husband 1999, 2001, Ramsey & Schemske 2002).
When aneuploid individuals acquire some degree of fertility,
they may be involved in crosses allowing higher ploidy levels
to occur. Moreover, massive clonal growth may help main-
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tain and increase aneuploid clones, consequently enhancing
the phenomenon.

It is worth noting that unreduced gametes of the hexa-
ploid F. X bohemica may play a role in hybridization patterns.
In this case, unreduced gametes might act as a pathway for
autopolyploidization within F. x bohemica. Unreduced gam-
etes are formed as a result of meiotic dysfunction induced by
genetic or environmental factors (Bretagnolle & Thompson
1995, Carputo et al. 2003). The formation of allopolyploids
by fusion of unreduced gametes is thought to be the main
pathway of production because almost every plant species
produces a variable but small amount of unreduced gametes
via meiotic processes (Chen & Ni 2006). In the present study,
the ploidy levels of mature plants in the investigated land-
scape did not indicate any successful establishment of deca-
ploid seedlings or seedlings with higher ploidy levels result-
ing from crosses involving unreduced gametes. Unreduced
gametes have frequently been evoked in the putative origins
of the octoploid F. X bohemica (Bailey & Wisskirchen 2006,
Mandak et al. 2003). In our study, 21.5% of F. japonica prog-
eny were octoploid. Very little is known about the future of
these produced hybrids. In the study area, these latter putative
hybrids might potentially cross with reduced or unreduced
pollen of the hexaploid F. x bohemica, explaining high seed-
ling ploidy patterns (ratio higher than 2.3).

Our methodology did not allow us to monitor seedling
fate up to the mature stage. Indeed, flow cytometric analy-
ses were performed on the first leaves available, which was
destructive for the seedling. This experimental option was
chosen intentionally in order to assess ploidy levels as close
to the hybridization event as possible. It allowed assessing
seedlings that would suffer from developmental problems
hindering their survival in later stages. However, when com-
paring ploidy levels of seedling and mature clones in the
field, a variety of cytotypes did not seem to persist until the
mature stage.

Beerling et al. (1994) showed that hybrid progeny prob-
ably did not survive in low temperatures at the end of the
growing period. Yet, Tiébré et al. (2007a) demonstrated that
germination was possible, although significantly reduced, af-
ter a cold winter period. Germination rates observed in the
present study are comparable to ones previously shown in
the same area by Tiébré et al. (2007a), although much lower
than those recorded from wild populations in the USA (For-
man & Kesseli 2003, Bram & MacNair 2004). In the latter
study, neither cold treatment nor dormancy was required for
high germination (Forman & Kesseli 2003). In our study, the
decreased germination in overwintered individuals seems to
differentially affect the three taxa. Little is known about Fal-
lopia seed dormancy, but Forman & Kesseli (2003) showed
genetic variation in F. japonica dormancy in the USA.

In a survey comparing vegetative regeneration at the
genotype level, Pysek et al. (2003) suggested a possible en-
vironmental selection against progeny originating by sexual
reproduction. In the present study, we observed an important
decrease in germination capacities of seeds having expe-
rienced a cold winter period. Moreover, no seeds collected
from F. sachalinensis or F. X bohemica germinated outdoors.
The cold winter period might thus differentially affect hy-
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brids from different hybridization patterns within the com-
plex. Interestingly, the seven seedlings from seeds collected
from F. japonica that survived the cold winter period had
various ploidy levels (ratio 1.47-2.66). For three of them, the
observed ploidy level was not found at the mature stage in the
investigated areas. This indicates that the cold winter period
would not be the only selection pressure acting against hybrid
progeny.

Another hypothesis explaining the difference in ploidy
level distribution between seedlings and mature plants is the
possibility of multiple introductions of hybrids in the study
zones. However, multiple introductions are less likely than
local sexual reproduction for attaining such high levels of ge-
netic diversity (33 genotypes from 36 clones) observed for
hybrids in Belgium and neighbouring countries (Krebs et al.
2010, Tiébré et al. 2007b). Indeed, it would more likely re-
sult from multiple in situ hybridization between taxa coupled
with the restoration of male fertility in the hybrids (Krebs et
al. 2010, Tiébré et al. 2007b).

In conclusion, we stress the importance of interspecific
hybridization and polyploidization events in generating in-
vasive hybrids in the alien Fallopia spp. complex. Two proc-
esses may however limit hybridization events in generating
invasive progenies and should be further investigated. First,
some crosses may be the result of chromosomal incompatibil-
ities between taxa. Second, selection can act on early stages
of seedling growth as well as on mature plant establishment.
Even so, interspecific hybridization, the restoration of male
fertility, and the massive clonal growth capacities observed
in the complex and demonstrated for the hybrids undoubtedly
strengthen the striking invasive success of knotweeds in the
introduced range.
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