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Abstract. Allozyme markers from ten European
taxa of Viola subsection Viola suggest that this
group is allotetraploid, based on x = 5. All taxa
had distinct multilocus phenotypes except V. alba
subspp. alba and scotophylla, which were identical
and different from subsp. dehnhardtii. Variation
was consistently higher in Mediterranean popula-
tions than in North European ones. Hybridisation
seems extensive but putative F, hybrids were
distinctly less fertile than the parental species.
Nevertheless, increased fertility in later-generation
hybrids and shared band patterns among taxa
indicate an important role of hybridisation and
introgression in past and present evolution within
the subsection. The octoploid V. ambigua shows
affinity to V. hirta (tetraploid). The octoploid
V. suavis probably originated from V. pyrenaica
and other unidentified tetraploids, and high vari-
ability suggests polytopy or even polyphyly. The
stoloniferous condition (series Flagellatae) seems to
be primitive in the subsection but the reduction of
stolons (series Eflagellatae) may have originated
multiple times.

Key words: Violaceae, Viola, allozymes, introgres-
sion, reticulate evolution, hybrid speciation, paleo-
polyploidy.

European taxa of Viola L. subsection Viola
(= Uncinatae Kupfier, Scapigerae W. Becker,
Curvato-pedunculatae W. Becker) are intrigu-

Ing in many respects, and their delimitation
has been a topic of discussion throughout the
last century (Becker 1903, 1910, 1925; Gerst-
laver 1943; Mufioz Garmendia et al. 1993;
Marcussen and Nordal 1998).

Subsection FViola is restricted to the tem-
perate parts of Eurasia and North Africa and
includes c¢. 20 species, depending on the
delimitation of taxa (Table 1). V. odorata L.
1s the type of subsection Viola (Haesler 1982)
and a diagnosis of the subsection, treated as a
series, is given by Okamoto et al. (1993).
Historically, considerable confusion has been
expressed as to the taxonomic delimitations
within subsection Viola (cf. among others
Becker 1903, 1910; Schmidt 1961; Nordal
1996; Marcussen and Nordal 1998). Several
factors may account for this. First, the sub-
section is morphologically quite distinct and
homogeneous and taxa differ in relatively few
characters. Second, widespread taxa usually
show excessive morphological variation, both
due to phenotypic plasticity (Bergdolt 1932)
and regional differentiation (Marcussen et al.
submitted). Third, taxonomic boundaries are
often confused by interspecific hybridisation.

The species in the subsection are perennial
and acaulescent, with lateral floriferous shoots
modified to stolons, which may be reduced or
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absent (Okamoto et al. 1993). Chasmogamous,
entomophilous flowers are produced in early
spring, and cleistogamous flowers are produced
during favourable periods throughout the rest
of the growth season (Redbo-Torstensson and
Berg 1995). Characteristics of the subsection
are the globose, non-ballistic capsules borne on
decumbent pedicels at maturity. The seeds have
conspicuous elaiosomes and are dispersed by
ants (Culver and Beattie 1980). Most species
belong to the deciduous forest element, grow-
ing in glades or scrubs, or in permanently open
areas such as steppes or mountains. The
habitats often have an clement of disturbance,
and at least some of the European species seem
to be favoured by human activity (Beattie 1974,
Grime et al. 1990, Kosonen et al. 1996, Mar-
cussen and Nordal 1998).

The chromosome number 2n = 20 is most
common among the investigated species in
subsection Viola, but V. ambigua and V. suavis
are reported to have 2n = 40 (Miyaji 1929,
Clausen 1929; Schmidt 1961, 1964; Muifioz
Garmendia et al. 1993; Okamoto et al. 1993;
Marcussen and Nordal 1998).

Subsection Viola has traditionally been
divided into two series, Flagellatae and Efla-
gellatae, based on whether stolons are present
or not (Table 1; Becker 1925, Melchior 1939,
Schmidt 1964, Okamoto et al. 1993). Twelve
species are included in series Flagellatae
(Table 1). Six species have a mainly European-
Mediterranean  distribution, ie. V. alba,
V. cretica, V. ignobilis, V. jaubertiana, V. odo-
rata, and V. suavis. Morphologically similar is
the Japanese V. hondoensis. Recently, Oka-
moto et al. (1993) included five more species
from South and East Asia, i.e. V. canescens,
V. curvicalcarata, V. pilosa, V. principis, and
V. yunnanensis. These species were previously
included in subsection Serpentes W. Becker
(but see de Candolle 1824).

Series FEflagellatae includes eight species
(Table 1). Four are temperate, mainly with
European-Central Asian distributions, i.e.
V. ambigua, V. collina, V. hirta, and V. thoma-
siana. The remaining four species, V. chelmea,
V. libanotica, V. pyrenaica, and V. sandrasea,

are all relictual with narrow endemic or
disjunct distributions, and native to the high
montane and alpine regions of Central Europe,
North Africa, and the Middle East (Melchior
1939, Schmidt 1964).

The Viola alba complex consists of several
more or less vicarious races, treated as sub-
species of V. alba or as separate species (Bec-
ker 1910, 1918; Yuzepchuk 1949; Schmidt
1961; Valentine et al. 1968; Hess et al. 1970).
The subspecies alba and scotophylla are largely
sympatric in Central Europe but subsp. alba is
more common north and west of the Alps,
whereas subsp. scotophylla is more common
from the Alps and eastwards to the Caucasus.
Subsp. dehnhardtii is Mediterranean and
parapatric to both subspp. alba and scotophylla,
and a distinct transition zone is found across
southern Europe from northern Spain to
Greece (Becker 1910, Strid 1986, Mufioz Gar-
mendia et al. 1993). Subsp. sintenisii and
V. cretica are endemic to the mountains of
Asia Minor (Elburs to Kopet Dagh) and Crete,
respectively (Becker 1910, 1918; Yuzepchuk
1949; Schmidt 1961).

Viola jaubertiana is a narrow endemic,
restricted to Majorca. Becker (1910) included
it in V. alba but later authors recognise it as a
separate and well-defined species, possibly
representing an isolated, relictual lineage with-
in the subsection (Tchourina 1909, Chodat
1924, Schmidt 1961).

Viola odorata is now widely distributed due
to cultivation outside its original range in
southern Europe and the Mediterranean region
(Hultén and Fries 1986, Nordal 1996). Becker
(1910) described it as morphologically relative-
ly invariable (but see Marcussen et al. sub-
mitted). V. ignobilis, a subalpine, minute
species native to Romania and the Caucasian
mountains (Becker 1918, Yuzepchuk 1949,
Grintescu et al. 1955), and V. hondoensis, a
species endemic to Japan (Becker 1908, 1918),
are morphologically reminescent of V. odorata.

Viola suavis, like V. odorata, is locally
naturalised in central and northern Europe,
partly due to cultivation (Gams 1925, Mundz
Garmendia et al. 1993, Marcussen and Nordal
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1998). It is a critical taxon due to extensive
morphological variability, and much confusion
has been expressed as to its internal substruc-
ture and its delimitation from related taxa, e.g.
V. alba, V. jaubertiana, and V. odorata (see
Marcussen and Nordal 1998 for survey and
discussion).

Viola ambigua is a steppe plant reaching
westwards to eastern Europe. There has been
some confusion as to its delimitation from
V. thomasiana and similar forms of V. hirta
(Schmidt 1961), hence the name.

Viola collina, in spite of its wide distribu-
tion (most of the temperate parts of Eurasia),
is morphologically rather uniform (Becker
1910, 1918; Marcussen et al. submitted). Re-
lated is probably V. thomasiana (Gerstlauer
1943), an endemic to the Alpine coniferous
forests. Both species are more strongly con-
nected to boreal forests than other taxa in the
subsection.

Viola hirta is common throughout the
central parts of Europe and the nemoral
vegetation zone. It is a morphologically vari-
able species, but little of its variation appears
to be geographically structured (Becker 1910,
Schmidt 1961; Marcussen et al. submitted).

Viola pyrenaica is a highly disjunct, alpine
species. Some morphological variation has been
reported among its regions of distribution but it
is unclear whether this deserves taxonomic
recognition (Becker 1918, Yuzepchuk 1949).

There are only weak barriers against inter-
specific hybridisation in subsection Viola, like
in the genus in general, and hybridisation
frequently takes place wherever species meet
(Bethke 1882; Erdner 1907, Becker 1910;
Schnarf 1922; Gerstlauer 1943; Schofer 1954;
Schmidt 1961; Dizerbo 1967, 1968; Valentine
1975; Hiemeyer 1992). Figure 1 shows all
reports of spontaneous hybrids between taxa
of the subsection in Europe. Hybrids are
usually somewhat fertile (with up to 5% pollen
fertility), even some hybrids between taxa at
different ploidal levels, i.e. V. ambigua X hirta
and V. odorata X suavis (Erdner 1907, Schmidt
1961). So far, hybrid swarms have been iden-
tified only between V. hirta and the three taxa

V.alba, V. collina, and V. odorata (Fig. 1;
Schofer 1954, Schmidt 1961). In these hybrid
combinations, later-generation offspring shows
increased chromosome numbers and increased
fertility, and a recombination of parental
morphological characters.

Occasionally, species in subsection Viola
also form spontaneous hybrids with species in
the caulescent subsection Rostratae Kupffer.
These hybrids are vigorous but completely
sterile (Fig. 1; Becker 1910, Clausen 1929,
Dodd and Gershoy 1943, Gershoy 1934).

In spite of evident macro-morphological
differentiation, subsections Viola and Rostra-
tae are shown to be phylogenetically closely
related (Miyaji 1929, Clausen 1929, Ballard
et al. 1999). Besides the retained ability to
interbreed, the two subsections show strong
similarities in style anatomy (Clausen 1929),
and they share the chromosome number
n = 10. This number appears to be basic in
section Viola sensu Ballard et al. (1999) where-
as the basic number for the genus as a whole,
as well as for large parts of the family,isx = 6
(Clausen 1929, Miyaji 1929).

Compared with subsection Rostratae, sub-
section Viola shows a derived state in several
morphological characters, e.g. general growth
form (acaulescence), lateral shoots (bibracteo-
late stolons or absence thereof), capsules (non-
ballistic), and seeds (large with conspicuous
elaiosomes) (Clausen 1929, Valentine 1962,
Beattie 1974, Okamoto et al. 1993). In a
phylogenetic study of the genus based on ITS
sequences, Ballard et al. (1999) showed that
subsection Rostratae consists of several inde-
pendent, early-diverging lineages within sec-
tion Viola. Thus, this subsection appears to be
paraphyletic and, apparently, ancestral to
numerous derived groups with more limited
distributions, among which subsection Viola is
the only group restricted to the Old World.

Considerable re-structuring and new de-
limitations of infrageneric groups resulted
from this phylogenetic analysis, and the tax-
onomy and preliminary nomenclature of in-
frageneric groups referred here therefore
follow Ballard et al. (1999).
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Fig. 1. Interspecific hybridisation in Viola subsection
Viola. Their rare natural hybrids with members of
subsection Rostratae Kupfler are also shown, i.e. with
V. reichenbachiana Jord., V. riviniana Rchb., and
possibly V. rupestris F. W. Schmidt. Broken lines
indicate hybrids with unknown fertility; thin lines
indicate sterile or mostly infertile hybrids; intermedi-
ate lines indicate fertile hybrids (up to ca. 5%); thick
lines indicate fertile hybrids were introgression with
either parent has been reported. Doubtful records are
labelled with question marks. Based on data from
Erdner (1907), Becker (1910), Schnarf (1922), Gerst-
lauer (1943), Schofer (1954), Schmidt (1961), Dizerbo
(1967, 1968), Valentine (1975), and Hiemeyer (1992)

The aim of this study is to elucidate
relationships among European taxa of subsec-
tion Viola by means of allozyme markers, in
order to obtain a fuller understanding of the
evolutionary pathways in this critical group.
There is evidence that reticulate evolution is
important in subsection Viola, and allozymes
have proven useful in tracing reticulate evolu-
tionary patterns, both at homoploidal and
polyploidal levels.

Materials and methods

Materials. A total of 556 plants from 76 European
populations was included in the analyses (Table 2).
Allozyme markers were scored for 553 individuals

of V. alba (subspp. alba, scotophylla, and dehn-
hardtii), V. ambigua, V. collina, V. hirta, V. jau-
bertiana, V. odorata, V. pyrenaica, and V. suavis,
and several generations of the five putative hybrid
combinations V. alba x hirta, V. alba X odorata,
V. collina x hirta, V. collina x odorata, and V. hir-
ta X odorata. A subset of 241 plants was cultivated
in a greenhouse, providing morphology and fertility
data. The cultivated plants were either raised from
seeds received from European botanical gardens (s),
or collected from native European populations by
L. Borgen (LB), B. Jonsell (BJ), T. Marcussen
(TM), 1. Nordal (IN), or M. Ursin (MU; Table 2).
Unfortunately, three vigourous putative F, hybrid
individuals (one from population 3 and two from
population 53) died due to mismanagement before
allozymes were scored and were therefore included
in the fertility and morphology analyses only. All
putative hybrids collected in the field with full band
additivity compared to the parental taxa were
interpreted and treated as Fy hybrids. Hybrids with
incomplete band additivity were collectively denot-
ed F, hybrids, and their offspring F,.;. Plants
raised from cleistogamous putative F; hybrid seeds
were denoted F,, and the next generation Fj.

Methods. Tissue preparation and electropho-
retic procedures generally followed Morden et al.
(1987). Six enzyme systems were investigated, i.e.
AAT (aspartate aminotransferase), AMP (amino-
peptidase), GPI (glucose-6-phosphate isomerase),
IDH (NADP-isocitrate dehydrogenase), PGM
(phosphoglucomutase), and SKD (shikimate de-
hydrogenase). A modification of Wendel and
Weeden’s (1989) buffer-system 1 (the “D” system:
histidine-citrate, pH 6.5) was used for IDH,
PGM, and SKD, and a modification of buffer-
system 6 (the “Ashton” system: Li-borate/tris-
citrate, pH 8.1) for AAT, AMP, and GPL
Problems related to slime production in Viola
(resulting in viscous homogenates, smeary gels
etc.) were largely avoided by using only young,
folded leaves.

Because it is difficult to assign alleles to specific
loci without analysing segregation of progeny
(Werth 1989, Kephart 1990), allelic bands were
labelled alphabetically from the most anodal band.
Allelic bands (heterodimers excluded) were scored
as present or absent and analysed using UPGMA
(unweighted-pair groups method analysis; Sokal
and Michener 1958) with squared Euclidean dis-
tance and PCO (principal coordinate analysis;
Gower 1966) with Dice’s distance.
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To estimate the degree of stolon production,
maximal internode length on lateral shoots was
scored. Ripe cleistogamous capsules were collected
for fertility estimation (seeds per capsule). Seed
germination was obtained under long-day condi-
tions at 15/10 °C after nine weeks of out-door
stratification at =5 to 9 °C under short-day condi-
tions.

Results

Variation within taxa. The banding patterns
seen on the gels were in accordance with
enzyme subunit composition known from
previously studied vascular plants: AMP,
PGM, and SKD were monomeric, and AAT,
GPI, and IDH dimeric (Kephart 1990). How-
ever, duplication of putative loci within sub-
cellular compartments was observed for all six

enzyme systems (cf. Culley and Wolfe 2000),
often appearing in distinct regions of the gel in
the 2n = 20 taxa. Further duplications were
observed in the 2n = 40 species, V. ambigua
and V. suavis, and allozyme bands in the
2n = 40 taxa corresponding to a single puta-
tive locus in the 2n = 20 taxa will be referred
to as one locus below.

A total of 58 allozyme markers in 16
putative loci was scored. Their migration
relative to the front (R; values) is shown in
Fig. 2, and putative loci are indicated. The
most anodal loci of AAT and GPI, Aat-/ and
Gpi-1, were not interpretable. Two putative
loci were interpreted in AAT, GPI, and SKD,
three in AMP and PGM, and four in IDH.
1dh-1/2 and Idh-3/4 were expressed in separate
subcellular compartments. The slower PGM
region was interpreted as consisting of two

0.7
g —— O
0s E{_b
=
0.5 =
Q.
poi 0, h o;
2 o
L\ e [T} ~ o —
0.4 % :: A—s
- ==—Cy E| —0
—32 (.i:? e o
0.3 3 = T g=
. ) " ~ —: (%[gfdg
—— =
(=% =i s g{zg Fig. 2. Allelic migration
02 &“[___e A= relative to the migration
. —_ front (R¢ values) in Viola
—i subsection Viola. A total
- of 58 putative alleles and
0.1+ o — o= 16 loci was observed in
" g|—F the six enzyme systems
al—i AAT, AMP, GPI, IDH,
o —_ —k PGM, and SKD. Regions
' with uninterpretable acti-
- vity are indicated with
open boxes (l.e. Aat-l
-0.1 and Gpi-1)
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duplicate loci, Pgm-2 and Pgm-3, between
which allelic bands were shared.

The largest proportion of allelic bands (20
out of 58, or 37%) were unique to single taxa
(subsp. scotophylla included in subsp. alba; see
below) but only nine were actually fixed and
diagnostic to taxa. Allelic bands shared by
many taxa were remarkably rarer than bands
shared by few taxa and only two alleles were
shared by all nine taxa (Idh-h and Pgm-h).

A total of 61 multilocus phenotypes was
found in the ten taxa, as listed in Table 3 with
reference to taxa and populations. Distinct
enzyme phenotypes were revealed for all taxa
except Viola alba subsp. alba and subsp.
scotophylla. While populations in northern
Europe, including Scandinavia, were mostly
monomorphic, the levels of variation increased
markedly southwards to the Mediterranean
region, where occasionally much intrapopula-
tion variation was found. Some variation, both
within and among taxa, was due to apparent
lack of expression at particular loci, i.e. Aat-2
(occasionally in V. alba subsp. dehnhardtii),
Aat-3 (exceptionally in V. hirta, V. odorata,
and V. suavis), Amp-1 (V. jaubertiana and
V. pyrenaica, also occasionally in V. alba
subsp. dehnhardtii), Amp-2 (V. alba subsp.
alba, subsp. scotophylla, prevailing in V. col-
lina, and exceptionally in V. hirta), Pgm-2
(exceptionally in V. alba subsp. dehnhardtii
and V. suavis), and Skd-1 (V. jaubertiana,
occasionally in V. hirta).

No variation was found within the single
populations of Viola. ambigua, V. jaubertiana,
and V. pyrenaica.

Viola alba was variable, and included alone
23 of the 61 observed multilocus phenotypes.
The variation showed a strong geographical
structure. In most cases, subsp. alba (three
phenotypes) and subsp. scotophylla (two phe-
notypes) were enzymatically indistinguishable
but both had rare, slightly deviating pheno-
types approaching subsp. dehnhardtii in allelic
composition (Amp-i, Gpi-f, Skd-i). On the
other hand, subsp. dehnhardtii, with 19
multilocus phenotypes, was distinct and far
more variable than the other two subspecies,

differing from subspp. alba/scotophylla in AAT
(e vs. d), AMP (bd vs. d), and IDH (c vs. f).
Differences were usually found for GPI and
SKD as well, i.e. Gpi-g was fixed in subsp.
dehnhardtii but rare in subsp. alba, and Skd-d
was fixed in subspp. alba/scotophylla but rare
in subsp. dehnhardtii. Corresponding allelic
variation was detected in AMP (i or k) and
SKD (g or j). Additional variation in subsp.
dehnhardtii was observed in AAT (be or e),
AMP (bd, b, or bf), GPI (b or ¢), IDH (4, he, or
e), PGM (hiori),and in SKD (bg, dg, bdg, or di).
It is noteworthy that the rare Amp-f allele was
shared only with V. odorata. The Idh-f allele in
subspp. alba and scotophylla was expressed only
when plants were in active growth.

Viola collina. Only two phenotypes were
observed in this species but the geographical
pattern was conspicuous. The Lithuanian
(population 37) and the Norwegian materials
(16 populations) were identical and differed
from the German (population 31) by as much
as three allelic bands, i.e. in AMP (b vs. be) and
PGM (ei vs. hj). The Amp-e allele was seen also
in V. collina x hirta from Poland (population
69), but this population apparently possessed
Pgm-e and Pgm-i.

Viola hirta. Eleven multilocus phenotypes
were found. Variation was detected in AAT (ae
or ¢), AMP (cgk, cgjk, or ck), IDH (bch, bcfh,
cdh, bchi, or bci), and SKD (cg, g, or fg). No
obvious geographical structure was observed,
except that allelic diversity was lost towards
the north, and that the three Swedish popula-
tions (no. 71, 72, 73) did not express Skd-1 (as
seen also in V. hirta x odorata from popula-
tion 70). The non-fixed allelic bands Idh-d, 1dh-
f, and Skd-c were otherwise seen in V. collina
only, and Amp-j only in V. jaubertiana.

Viola odorata. Ten multilocus phenotypes
were observed. Variation was found in AAT
(be or b), AMP (fm, fim, fl, or dm), IDH (bch or
begh), PGM (d or ¢), and SKD (e or h). Little
geographical structure was found, and the
most common phenotype was very widespread
and observed in 14 populations, ranging from
Tenerife in the south to Norway and Sweden
in the north. Interestingly, the Scandinavian
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populations had comparatively high levels of
variation. The Amp-/ allele seemed to be more
abundant in native populations from southern
Europe (no. 2, 9, 15, 20, 23, 26) than elsewhere
(no. 50, 54, 63). Noteworthy was also the
population from France: Isere (no. 20), with
variation in three loci, and three Norwegian
populations (no. 60, 66, 68), which expressed
the Amp-d allele otherwise typical for V. alba
subsp. dehnhardtii.

Viola suavis. This species was enzymatical-
ly highly variable but geographic patterns were
not seen. Disregarding the dosage differences,
which were observed but not interpreted, 13
multilocus phenotypes were found. Variation
was found in AAT (be or e), AMP (bckm, bck,
bchm, or ckm), GPI (b, ab, or a), IDH (bch or
abch), and PGM (behi, bdehi, dehi, bei, bhi, beij,
bfij, or begj). The Norwegian V. suavis popu-
lation was monomorphic whereas the Mediter-
ranean populations showed high levels of
variation. Both Pgm-e and Pgm-j were shared
uniquely with V. collina.

Variation among taxa. Figure 3 presents a
UPGMA dendrogram, based on presence-
absence of the 58 allozyme markers and the
61 multilocus phenotypes, for each population.
The UPGMA did not discriminate the stolo-
niferous Flagellatae series from the estolonifer-
ous Eflagellatae series. Four main clusters were
recognised. The first comprised Viola collina
only, the second V. ambigua and V. hirta, the
third V. alba and its subspecies, and the fourth
comprised V. jaubertiana, V. odorata, V. pyre-
naica, and V. suavis. Except within V. alba,
clusters were remarkably distinct and in agree-
ment with current taxon -circumscriptions.
V. alba subspp. alba and scotophylla formed
one mixed cluster, showing that these taxa
cannot be identified on the basis of allozymes,
whereas subsp. dehnhardtii was distinct and
variable.

Only minor changes in tree topology,
notably regarding the placement of Viola
Jjaubertiana, occur when other clustering
methods or distance measures were used, or
when the two 2n = 40 taxa, V. ambigua and
V. suavis, were removed from the analyses.

The PCO plot (Fig. 4) (3 first axes) was
based on the 58 enzyme markers and the
collective phenotypes (all allelic bands of a
single taxon pooled in a single phenotype) for
all ten Viola taxa. PCO axes 1, 2, and 3
extracted 23.5%, 20.6%, and 14.7% of the
variance, respectively. Taxa were well spread
but only poor separation was obtained for
V. alba subspp. alba and scotophylla. Axis 1
separated V. albg from the other taxa, axis 2
separated V. ambigua, V. collina, and V. hirta,
and axis 3 separated V. collina. Noteworthy
was the position of V. suavis (2n = 40) close
to V. jaubertiana, V. odorata, and V. pyrena-
ica; and, also, V. ambigua (2n = 40) in the
proximity of V. hirta. The main UPGMA
clusters were recognised and, like the UP-
GMA, the PCO failed to separate series
Flagellatae (gray pinheads) and Eflagellatae
(white pinheads). However, the flagellate taxa
tended to cluster in the centre of the plot and
the eflagellate to take more peripheral posi-
tions.

Table 4 shows the percentage of bands
shared by each of the 2n = 20 taxa and the
two 2n = 40 taxa, Viola ambigua and V. su-
avis. V. jaubertiana (62%), V. hirta (60%), and
V. alba subsp. scotophylla (60%), shared the
highest proportions of allelic bands with
V. ambigua; V. collina (41%) and V. odorata
(42%) the lowest. It should be pointed out
that V. ambigua shared three unique alleles
with V. hirta (Amp-g, Pgm-a, and Skd-f), one
with V. alba subsp. dehnhardtii (Amp-d), and
none with the other taxa. V. pyrenaica (92%),
V. jaubertiana (85%), and V. odorata (68%)
shared the highest proportion of bands with
V. suavis, V. hirta the lowest (50%). However,
V. suavis shared two unique bands with V. col-
lina (Pgm-e and Pgm-k), one with V. pyrenaica
(Idh-a), and one with V. odorata (Skd-j).

The stolon character, commonly used in the
subdivision of the subsection, discriminated
well among the species (Fig. 5). Not surpris-
ingly, long internodes and stolons were found
in the Flagellatae species only, ie. V. alba,
V. jaubertiana, V. odorata, and V. suavis. On
the other hand, the internodes in the Eflagel-
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latae species were either entirely absent
(V. ambigua, V. hirta, and V. pyrenaica) or
reduced (V. collina). Hybrids involving stolo-
niferous taxa were usually stoloniferous as well
(see below).

Characterisation of the putative hybrids.
Compared to the putative F, hybrids, identi-
fied by full band additivity with the parental
species, later-generation hybrids showed a
marked reduction in heterozygosity per gener-
ation (Table 5), on average 0.51.

Stolons were either dominantly or codom-
inantly inherited in the hybrids (Fig. 5). Only
Viola  collina x hirta was  estoloniferous.
V. alba x hirta and V. alba X odorata were
similar to V. alba in this character, whereas

PCO 1 (23.5% var.)

Fig. 4. PCO plot (3 first axes) based on presence/
absence of 58 enzyme markers and collective pheno-
types (pooling all allelic bands in a single taxon) for
the ten Viola taxa. The series Fflagellatae (gray
pinheads) and Flagellatae (white pinheads) are
indicated. PCO axes 1, 2, and 3 extracted 23.5%,
20.6%, and 14.7% of the variance, respectively

4,

Fig. 3. UPGMA dendrogram based on presence-
absence of 58 allozyme markers and multilocus
phenotypes for each population of Viola (Tables 2
and 3). Squared Euclidean Distance was applied.
Taxon and population number are shown

Table 4. Percentage of allelic bands shared be-
tween each of the 2n = 20 taxa and the two
2n = 40 taxa, Viola ambigua and V. suavis

2n = 20 taxa Percentage of allelic
bands shared with the
2n = 40 taxa
V. ambigua V. suavis

V. alba ssp. alba 33 67

V. alba ssp. dehnhardtii = 57 57

V. alba ssp. scotophylla  60* 67

V. collina 41 65

V. hirta 60* 50

V. jaubertiana 62% 85%

V. odorata 42 68

V. pyrenaica 46 92%

* Highest percentage of band sharing

V. collina x odorata was similar to V. odorata.
V. collina x hirta and V. hirta X odorata were
intermediate between the parental species.
Segregation of morphological characters, in-
cluding the stolon character, was the rule in F;
and F; hybrids. Most later-generation hybrids
were vigourous, whereas a few were weak and
rapidly died.

F; hybrids were always distinctly less fertile
than the parental species. Numerous aborted
capsules or capsules with 1-3(4) seeds were
produced, versus (10)15-30(40) seeds per cap-
sule in the parental species. Both average
fertility and fertility variance increased in F,
and F; hybrids, and the F,, and F, .+, hybrids
usually had fertilities approaching the parental
species (Fig. 6). However, some vigourous F;
individuals failed to produce capsules, al-
though cultivated for more than a year.

Viola alba x hirta. The putative F; hy-
brids displayed heterosis and approached
V. alba in stolon development. The F; hybrids
were moderately fertile (mode 1.4 seed per
capsule), whereas the F, hybrids displayed
considerably higher fertilities than any other
F, hybrid combinations (1.5-9.5 seeds per
capsule; Fig. 6).

Viola alba x odorata. The putative Fy hy-
brids were generally similar to V. alba but
more vigourous, producing numerous long
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80

Internode length (mm)

Fig. 5. Boxplot of maximal internode length on lateral shoots (stolons) of Viola, alba subsp. alba, subsp.

dehnhardtii, subsp. scotophylla,

V. ambigua, V. collina, V. hirta, V. jaubertiana,

odorata, V. pyrenaica,

V. suavis (gray boxes), and five F; hybrid combinations (white boxes). Outliers (open circles), far outliers
(asterisks), and number of individuals (N) are indicated for each taxon

stolons. Also the F, hybrids were most similar
to V. alba but possessed some aberrant fea-
tures pointing in the direction of V. odorata
(e.g. in stipule characters). The F; hybrids had
the lowest average fertility among the different
hybrid combinations (mode 1.0 seeds per
capsule), and wusually failed to set seeds.
However, an outlier with 2.2 seeds per capsule
is noteworthy (population 15). The F, and
F,+1 hybrids all had fertilities similar to the
parental species (9.0-26.5 seeds per capsule;
Fig. 6).

Viola collina X hirta. The putative F; hy-
brids were roughly intermediate between the
parental species, and little heterosis was ex-
pressed in the cultivated material. Whereas the
F, and F5 hybrids showed some segregation of
morphological characters, the F, and F .,
hybrids (population 69) were difficult to dis-
cern from the variable V. hirta. However,
increased vegetative pigmentation, stipule fim-

brication, and internode length disclosed the
presence of collina genes in these hybrid
derivativs. The F; hybrids were moderately
fertile (mode 1.4 seeds per capsule), and the F,
hybrids showed modest increases in fertility
(1.2-3.3 seeds per capsule). A further increased
fertility was found in the F; hybrids, of which
one individual had attained normal fertility
(3.6-15.8 seeds per capsule). While F,, hybrids
had normal fertility, the F, . hybrids surpris-
ingly showed significant decreases in fertility,
most likely a consequence of cultivation con-
ditions (Fig. 6).

Viola collina x odorata. The putative F,
hybrids were stoloniferous and approached
V. odorata in general morphology. Heterosis
was expressed in several characters. The F;
hybrids were moderately fertile (mode 1.3
seeds per capsule) but differences in fertility
among populations were observed (cf. the
upper outlier with 1.6 seeds per capsule from
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Table 5. (Continued)
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population 53). The F; hybrids had somewhat
increased fertility (1.0-3.12 seeds per capsule;
Fig. 6) but were comparatively weak.

Viola hirta x odorata. The putative F; hy-
brids were intermediate in morphology, ex-
tremely vigourous, and produced short stolons
or creeping rhizomes. Their fertilities were far
more variable than in the other F; hybrid
combinations (1.1-3.2 seeds per capsule; mode
2.3), even within populations (no. 60, 68).
Increased fertility was found in some F,
hybrids whereas others produced few, if any,
flowers in spite of long-time -cultivation
(Fig. 6).

Discussion

Ploidy levels. The basic chromosome number
in the genus Viola, and possibly in Violaceae as
a whole, is x = 6 (Clausen 1929, Miyaji 1929).
The relationship between this number and the
derived number 2n = 20 found in section
Viola has as yet remained unsolved (Clausen
1929, Valentine 1962).

For the investigated taxa of subsection
Viola, most enzyme systems show higher
numbers of putative loci than expected in
diploids in general (Kephart 1990) and in
diploid violets in particular (cf. Culley and
Wolfe 2000). The same trend is reported in
subsection Rostratae (Nordal and Jonsell
1998). Rather than many independent gene
duplications, these results indicate polyploidy.
Consequently, the 2n = 20 species of section
Viola should be regarded as tetraploids and the
2n = 40 species as octoploids, based on
x = 5. True diploids (2n = 10) are not known
within section Viola. The diploid number
2n = 10 is, however, reported in the sister
clade, section Melanium (Schmidt 1962, Bal-
lard et al. 1999). Although this section includes
many aneuploids, the report of 2n = 10 rep-
resents circumstantial evidence for a transition
fromn = 6ton = 5in the shared ancestry of
sections Viola and Melanium.

Duplicated loci in subsection Viola typically
lack shared alleles, indicating evolutionary
distance, probably because the genomes in-
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Fig. 6. Boxplots of hybrid fertility, measured as seeds per capsule for different generations of five Viola hybrids
and based on an average 21.3 £ 14.8 capsules per individual. The late-generation hybrids (F, and F,4;) of
V. alba x odorata and V. collina x hirta have fertilities similar to their parental species

volved in the origin of section Viola have
belonged to different evolutionary lineages.
The entire section Viola thus seems to be
paleotetraploid and of alloploid origin (cf.
Marcussen and Nordal 1998, Nordal and
Jonsell 1998). However, evolutionary events
subsequent to the polyploid origin, e.g. muta-
tions and gene silencing, may also have con-
tributed to the current genomic distance. In any
case, the fact that only two alleles were shared
by all taxa, indicates an old ancestry of
subsection Viola (cf. Crawford 1989). In the
two octoploids (2n = 40), V. ambigua and
V. suavis, a large proportion of fixed hetero-
zygosity indicates alloploid origins, presum-
ably from more recent hybridisation between
tetraploid taxa within subsection Viola.
Variation patterns. So far, most studies on
temperate, cleistogamous violets have revealed
low levels of enzyme variation, i.e. within the
V. albida complex, section Adnatae, in Korea
(Kim et al. 1991), in European V. rupestris
(Nordal and Jonsell 1998) and V. elatior (A.

Gyrax unpublished), both in section Viola, and
in North American V. canadensis, section
Canadenses (T. Culley submitted). However,
one study on diploid V. pubescens, section
Chamaemelanium, in North America shows
high levels of variation and heterozygosity,
which suggests a more prevalent role of
chasmogamous reproduction (Culley and
Wolfe 2000).

Our data show that most populations of
the taxa within subsection Viola in northern
Europe are depleted of variation but that
much more variation is occasionally present in
Mediterranean taxa, notably V. alba subsp.
dehnhardtii and V. suavis. There are some
obvious reasons for this pattern.

First, genetic variation is expected to de-
crease with increasing distance from glacial
refugia (Barrett and Kohn 1991, Taberlet
1998). Notably, important glacial refugia for
the Eurasian nemoral flora, violets included,
are postulated in a narrow belt from the
Mediterranean area eastwards to the Caucasus
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and North Iran (Polunin and Walters 1985,
Fukarek 1995, Taberlet 1998, Taberlet et al.
1998). The investigated Mediterranean popu-
lations grow fairly close to these postulated
refugia, and high levels of variation in Medi-
terranean taxa are thus in accordance with the
predictions. Furthermore, consecutive founder
events along the expanding migration front will
result in only a small subset of the original
variation being retained in peripheral popula-
tions like those in North Europe. Current levels
of intraspecific variation can, however, have
other historical reasons, such as genetic bottle-
necks or past introgressive hybridisation.

Second, resource allocation to chasmo-
gamy versus cleistogamy among species of
subsection Viola seems to differ in northern
and southern Europe. Peak chasmogamous
flowering takes place in early spring, and low
pollinator activity and availability may be a
serious constraint to chasmogamous seed set in
the north (unpublished data). Since low
chasmogamous seed output is buffered by
increased cleistogamous seed output (Redbo-
Torstensson and Berg 1995), increased in-
breeding may affect the levels of genetic
variation, particularly within populations of
the earliest-flowering species. Indeed, segregat-
ing heterozygotes appear to be considerably
rarer in the otherwise variable V. alba subsp.
dehnhardtii and V. suavis than in a largely
outcrossing species such as V. pubescens (Cul-
ley and Wolfe 2000), indicating a higher
allocation to cleistogamy and inbreeding in
subsection Viola, resulting in levels of hetero-
zygosity comparable to most other violets
studied (Kim et al. 1991, Nordal and Jonsell
1998, Culley submitted).

Some of the observed variation is due to
lack of bands, which can result from co-
migration with other gene products or tempo-
ral or permanent inactivation of the gene in
question or its gene product. In polyploids,
non-functional alleles may be less disadvanta-
geous than in diploids because other functional
alleles are present. Null alleles can therefore be
maintained as polymorphisms or, eventually,
be fixed and contribute to the diploidisation of

the genome (Soltis and Soltis 1989, 1999;
Werth 1989; Wendel 1999). However, several
studies have shown that isozyme expression in
plants is also affected by developmental stage
and ecological conditions (Mowrey and Wer-
ner 1990, Asins et al. 1993, Asins et al. 1995).
In this study, Idh-3 in V. alba subspp. alba and
scotophylla was expressed only when plants
were in active growth, and the same could
apply to apparently silenced loci in the other
taxa as well.

Viola alba. The two sympatric subspecies,
alba and scotophylla, cannot be distinguished
by means of allozymes. The morphological
distinction between alba and scotophylla is in
anthocyan pigmentation only (Becker 1910):
Subsp. scotophylla is usually strongly pigment-
ed in all vegetative parts (scotophylla means
‘dark-leaved’), while alba is not. Floral albi-
nism is prevalent in both alba and scotophylia;
only one population of scotophylla (no. 1) had
pigmented corollas. Pigmentation is often
controlled by few genes, and in our opinion,
the alba morph is probably derived from a
pigmented, scotophylla-like, ancestor by loss of
pigment expression. We therefore suggest that
scotophylla is treated merely as a form of
V. alba subsp. alba. Considering reconstructed
phylogeographies for various European plant
and animal species (e.g. Demesure et al. 1996,
Taberlet et al. 1998) and the distribution of the
V. alba complex, a main glacial refugium for
both alba and scotophylla seems to have been
in the Caucasus. Hence, the gradual increase in
the frequency of the alba morph north and
west of the Alps could result from random
events during post-glacial migration.

The parapatric subsp. dehnhardtii, on the
other hand, is distinct, both with respect to
allozymes and morphology. In dehnhardtii,
floral albinism is infrequent but vegetative
parts are usually strongly pigmented. A main
reason for the high level of genetic diversity
within dehnhardtii is consistent with a possible
survival in refugia in the Mediterranean region
throughout the Quarternary.

A transition zone between alba/scotophylla
and dehnhardtii, presumably a persistent hy-
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brid zone (cf. Arnold 1997, Arnold et al. 1999),
stretches across southern Europe (Becker 1910,
Strid 1986, Munoz Garmendia et al. 1993).
Some materials of dehnhardtii from France
(e.g. population 7) possessed a few alba alleles
and may represent the southern boundary of
this transition zone.

Viola collina. Quite unexpectedly, all ma-
terials from Norway and Lithuania lacked
enzyme variation. Southeast Norway is the
only region in northern Europe where the
widespread V. collina has a continuous distri-
bution and is relatively frequent. Moreover,
phytogeography (Nordal 1996) indicates that
the Norwegian populations represent the west-
ernmost remnants of a previously much wider,
post-glacial distribution in Fennoscandia, and,
most likely, V. collina was an early post-glacial
immigrant during the warm, dry, continental
climatic periods of the Hypsithermal (7,500-
2,500 Y. B. P.) (cf. Fegri 1996). Allozymes
suggest that V. collina colonised the Nordic
countries from the east, and that it was recruited
from other glacial refugia than the Central
European populations, here represented by the
deviating population from Germany: Harz (no.
31), and the hybrid population from Poland:
Poznan (no. 69). V. collina is shown to repro-
duce chiefly by cleistogamy in Scandinavia
(unpublished data), which may contribute to
within-population depletion of genetic varia-
tion. However, the total lack of variation
among populations in Norway suggests a single
introduction, combined with severe genetic
bottlenecks.

Viola hirta. Our data show a cline of
genetic depletion northwards, and the north-
western populations, i.e. those in Norway,
show no variation at all. Norwegian popula-
tions are isolated and located in the outskirts
of the main distribufion area, quite distant
from putative glacial refugia and from other
populations in northern Europe, i.e. in south-
ern Sweden. Both circumstances may have a
strong effect on genetic variation (cf. Barrett
and Kohn 1991, Marcussen et al. submitted).

Based on stipule characters, Becker (1910,
1918) split V. hirta in two subspecies: the

Central and North European subsp. Airta (i.e.
subsp. brevifimbriata W. Becker) and the
Southeast European and Caucasian subsp.
longifimbriata W. Becker. Becker (1918) noted
that the latter approached V. collina in mor-
phology, and Gerstlauer (1943) indicated that
the long-fimbriate morph could indeed have
originated by introgression from V. collina.
Our material from Poland: Poznan (population
69) apparently represents late-generation hy-
brids between V. collina and V. hirta and
comes close to Becker’s subsp. longifimbriata
in having pronounced pubescence and long-
fimbriate stipules. We thus consider subsp.
longifimbriata as a hybrid product between
V. collina and V. hirta, not a geographical race
as proposed by Becker (1918). Most likely, this
morph can therefore occur not only in southern
Europe (cf. Becker 1910) but also elsewhere, if
the two parental species meet.

Viola jaubertiana. This species is enzymatic
as well as morphologically quite distinct and
should not be included in V. alba as suggested
by Becker (1910). Its glabrousness and strongly
increased epidermal cell size (Tchourina 1909),
endemic distribution in Majorca (Chodat
1924), and its highly sterile hybrid with V. alba
gave Schmidt (1961) reasons to believe that
V. jaubertiana represents a relictual and isolat-
ed lineage among European members of sub-
section Viola. This hypothesis is supported also
by allozymes, as most of the allelic bands
observed in V. jaubertiana are widespread in
the subsection as well as in the entire section
(unpublished data), and the species shows no
strong affinity to other taxa. This implies that
these alleles may be primitive and, hence, that
any enzymatic similarities with other taxa are
plesiomorphic.

Viola odorata. This species does not occur
natively in the northern parts of Europe.
Nevertheless, it is now widespread due to
escape from cultivation, both as an ornamental
and as a source of essential oils for the perfume
industry. Our data strongly support multiple
introductions to Norway, as indicated by a far
higher amount of enzymatic diversity than in
the native species. Variable fertility in hybrid
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combinations, particularly with V. hirta, fur-
ther suggests genetic differentiation in V. odo-
rata in northern Europe and, thus, recruitment
from different source populations.

The population from France: Isére (no. 21)
deviates morphologically (more hairy, paler
flowers), ecologically (occurring in steep, grassy
slopes at the edges of boreal forests), and
enzymatic (one unique allele, Skd-h). These
facts all point to the population being a possible
remnant of native V. odorata, as yet little
affected by introgression from the far more
common V. odorata cultivars, which otherwise
seem to dominate throughout much of Europe.

Viola suavis. Historically, this enzymati-
cally variable species has been cultivated to a
lesser extent than V. odorata but its use as an
ornamental has probably expanded its distri-
bution area, especially in Central Europe and
in parts of the Iberian Peninsula (Yuzepchuk
et al. 1949, Mufioz Garmendia et al. 1993,
Marcussen and Nordal 1998). Consequently,
only the eight French populations (no. 7, 8, 9,
10, 11, 13, 18, 26) are probably truly native
and apparently include numerous morphs or
ecotypes, both vigourous anthropochorous
types and more specialised, native types.
Neither of these were, however, enzymatically
recognisable. A fuller account of the variation
in V. suavis is presented in Marcussen and
Nordal (1998).

Reticulate evolution. The ability of fre-
quent hybridisation is characteristic for most
groups of violets (cf. Fig. 1), and it seems likely
that this trait has had major impact on
evolutionary pathways and current relation-
ships in the genus (cf. Rieseberg and Ellstrand
1993, Arnold et al. 1999). Hybridisation and
introgression are facilitated by the lack of
internal crossing barriers and probably accel-
erated by the breakdown of ecological and
geographical barriers caused by past and
present human activity (Schofer 1954, Moore
19359, Schmidt 1961, Gil-ad 1997, Neuffer et al.
1999). Furthermore, most species within sub-
section Viola share pollinators and have largely
overlapping chasmogamous flowering periods
and habitat requirements (Beattie 1969a, b,

1971, 1972, 1974; Hiemeyer 1992; Nordal
1996).

The potential for alloploid speciation in
Viola is illustrated by the experiments of Dodd
and Gershoy (1934), who successfully pro-
duced a fully fertile and vigourous dodecaploid
(2n = 60) from the sterile, intersubsectional
hybrid V. odorata x riviniana (2n = 30). The
present study further suggests that one or more
polyploid events took place early in the evo-
lutionary history of section Viola, and that this
section originated through fusion of different
diploid lineages by alloploidy. Apparently,
also recombinant homoploid speciation has
contributed to the stabilisation of hybrids in
Viola (Moore 1959, Valentine 1962, Gil-ad
1997), and it seems likely that cleistogamous
inbreeding has played an important role in the
stabilisation process. However, hybridisation
and introgression in subsection Viola are
retarded by low hybrid fertility, particularly
in northern Europe, where chasmogamous
seed set is low and the amount of hybrid seeds
negligible compared to the vast amount of
cleistogamous seeds produced by the parental
taxa (Beattie 1969b, 1972; Redbo-Torstensson
and Berg 1995; Banasinska and Kuta 1996).
Also, hybrid vigour and fertility in the next
generations are crucial, but unpredictable. For
instance, the F, hybrids of V. alba X hirta
showed pronounced increase in fertility while
apparent hybrid breakdown was found among
the F,'s of V. hirta x odorata, which failed to
produce flowers in cultivation.

Nevertheless, this study shows that several
hybrid generations can be raised from seeds,
and spontaneously occurring hybrid deriva-
tives are discovered for V. alba sp. dehn-
hardtii X odorata  (population  15) and
V. collina x hirta (population 69). Further-
more, putative ancient allele transfers, main-
tained as polymorphisms, are traced from
V. alba subsp. dehnhardtii to V. odorata
(Amp-d) and vice-versa (Amp-f), and from
V. collina to V. hirta (Idh-d, Idh-f, Skd-c).
Notably, gene exchange has taken place be-
tween V. alba subsp. dehnhardtii and V. odo-
rata in spite of the high infertility of their
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primary hybrid (cf. Schmidt 1961). These find-
ings imply that overlap in geographic distribu-
tions and ecological demands in the parental
species, along with vigour and vegetative spread
in their hybrids, may overcome constraints
imposed by e.g. low hybrid fertility and hybrid
breakdown (cf. Rieseberg and Ellstrand 1993,
Arnold et al. 1999).

Thus, given the time and the opportunity,
potentials for introgression and hybrid speci-
ation are present in subsection Viola. In the
history of the subsection, hybrids have appar-
ently been stabilised mainly at the homoploi-
dal level (2n = 20) but occasional, additional
polyploidisation has taken place.

The distribution of allelic bands in subsec-
tion Viola is in many cases incompatible with
the overall structure, and several taxa share
rare bands with other taxa than those they
cluster with in the UPGMA or the PCO.
Although shared allozyme bands usually re-
flect relationships among taxa, patterns may
become considerably obscured by vertical or
horizontal transfer of alleles in the history of a
group. Alleles that are passed on vertically to
derived taxa may result in independent fixation
of identical alleles in remotely related taxa
(plesiomorphic alleles). Some of the contradic-
tory allele distributions are probably also due
to recurrent introgressive hybridisation and
horizontal allele transfer among taxa. Intro-
gressed alleles may subsequently get fixed in
populations or even in entire taxa or lineages.

Successive events of isolation, speciation,
migration, hybridisation, and stabilisation of
hybrid products enforced by Pleistocene cli-
matic fluctuations have probably been impor-
tant in the evolution within the subsection
(Valentine 1962, Gil-ad 1997). Recurrent iso-
lation and secondary contact among species
may have allowed taxa, modified by hybridi-
sation, to spread and occupy new habitats.
Both repeated migrations and, more recently,
the modifying action of man on habitats have
probably facilitated hybridisation (cf. Valen-
tine 1962, Neuffer et al. 1999). The notoriously
weak internal isolation barriers have certainly
been important in the initial establishment of

hybrid swarms, and the ability to exchange
genes may have provided taxa with possibili-
ties to respond quickly to environmental
changes. Extant taxa may thus be viewed as
temporarily stabilised genotypes of hybrid
origin, with a potential for future gene flow
across species boundaries. In this perspective,
taxonomic entitiecs may be relatively short-
lived in subsection Viola.

A reticulate history of evolution may partly
explain the difficulties in tracing the origins of
the octoploids, V. ambigua and V. suavis,
among extant tetraploid taxa. However, the
two octoploids do have stronger affinities to
some of the tetraploids than to others.

Viola ambigua seems most closely related to
V. hirta. Whereas the bands shared with
V. odorata and V. alba subsp. dehnhardtii are
common within the subsection, as many as
three unique bands are shared by V. ambigua
and V. hirta. The morphological delimitation
of V. ambigua from V. hirta has, indeed, been
confusing, as the two species also have over-
lapping distributions and habitat requirements
(Gerstlauer 1943, Yuzepchuk 1949, Schmidt
1961). Moreover, cytological investigations of
their hybrid indicate that they have one
genome in common, and the hybrid is moder-
ately fertile (Schmidt 1961). Nevertheless,
present allozyme patterns do not, by any
means, suggest V. hirta as a direct or recent
parent of V. ambigua.

Viola suavis seems particularly closely re-
lated to V. pyrenaica. As much as 92% of the
pyrenaica markers are shared with V. suavis
and, combined with similarities in morphology,
V. pyrenaica is suggested as one parent for
V. suavis. Its second parent, however, is far less
evident, and close relationships with both
V. jaubertiana, V. odorata, and V. collina are
indicated. Whereas bands shared with the two
first species mainly are common ones in the
subsection, two unique bands are shared with
V. collina. On the other hand, a close relation-
ship with V. odorata is supported by slight
hybrid fertility (Schnarf 1922) whereas some
morphological traits point towards V. jauberti-
ana (cf. Marcussen and Nordal 1998).
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The failure to fully trace the origin of
V. suavis, combined with its large enzymatic
and morphological variability and wide eco-
logical amplitude, may suggest an old age of
this species. Also, as multiple origins are the
rule in polyploids (Soltis and Soltis 1993, 1999),
it seems likely that V. suavis has originated
recurrently from different parental populations
(polytopy) or even from different parental taxa
(polyphyly). Subsequent gene flow among these
nascent octoploids is also likely to have hap-
pened, along with gene flow among octoploids
and related tetraploids (Petit et al. 1999, Soltis
and Soltis 1999, Wendel 1999).

The bibracteolate stolons of subsection
Viola are, most likely, homologous with the
unibracteolate aerial, floriferous stems in mem-
bers of more primitive groups, including sub-
section Rostratae (Clausen 1929, 1962; Ballard
et al. 1999). Stolons may therefore be a prim-
itive character in subsection Viela, while
reduction or absence is derived. Allozyme data
partly support this hypothesis. The PCO plot
places the stoloniferous taxa in the centre,
indicating relatively undifferentiated allozyme
phenotypes. V. jaubertiana in particular, with
its peculiar morphology and relictual distribu-
tion, may come close to the root of the
subsection. .

Interspecific hybridisation occurs between
as well as within the two series (Fig. 1), and
considerable inter-serial gene flow may have
taken place in the evolutionary history of the
subsection. Allozyme data (Figs. 3, 4) further
obscure series delimitation and suggest that the
reduction of stolons has occurred more than
once. Different inheritance of the stolon char-
acter among the various hybrids (Fig. 5) indi-
cates different genetic control in the parental
taxa. Moreover, stolons are occasionally rudi-
mental or not present at all in the usually
stoloniferous V. alba subsp. dehnhardtii (Bec-
ker 1910, Valentine et al. 1968) and V. suavis
(pers. obs.), i.e., suppression of stolon develop-
ment may have originated independently even
within extant taxa. Hence, the subdivision into
series Flagellatae and Eflagellatae probably
does not reflect true phylogenetic relationships

but merely an evolutionary trend that causes
variation in a single macromorphological char-
acter well suited to differentiate among taxa.

Conclusions

Our 1sozyme studies indicate that Viola sub-
section Viola represents a polyploid complex
of ancient hybrid origin, where extant taxa are
either tetraploids or octoploids. A general lack
of internal crossing barriers has facilitated
hybridisation. In Europe, instability caused by
Quartenary glaciations and, later, human
activity have resulted in extensive contact
between lineages. Occasional introgression
may have contributed to the variation within
some lineages and eventually resulted in fur-
ther speciation at the homoploid level. Appar-
ently, cleistogamy has played an important
role in the stabilisation of hybrid derivatives.
Furthermore, secondary hybridisation among
some tetraploid lineages has apparently result-
ed in new reticulations at the octoploid level.
At present, subsection Viola appears as a
dynamic polyploid complex, where extant
species can be viewed as temporarily stabilised
genotypes. The current subdivision into two
series, Flagellatae and Eflagellatae, probably
does not reflect true phylogenetic relationships
within this group.
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