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Abstract. Sequences of the nuclear region ITS and
the variable molecular markers ISSR were used to
estimate the phylogeny of the section Melanium of
the genus Viola. We confirm that the so-called
pansies form a derived and monophyletic group.
Two floral characters, the upturned side petals and
the large size of pollen grains appear to be synapo-
morphies in Melanium. The Melanium species are
very closely related, as shown by the reduced genetic
variation compared to the other sections of Viola.
Our analyses suggest x¼ 5 or x¼ 7 as the possible
base chromosome number of the section Melanium.
Polyploidy and hybridization would have played an
important role in the evolutionary history of this
clade resulting in a wide range of chromosome
number. The low genetic differentiation and the
complex cytological evolution suggest that
diversification in Melanium is the result of a reticu-
late evolution and rapid radiation in Europe and
Northern Africa.

Key words: Viola, phylogeny, ISSR, ITS, chromo-
some numbers, rapid radiation.

Introduction

Viola L. is the largest genus of the Violaceae
family, with 525–600 species (Clausen 1964,

Ballard 1996), distributed throughout most
frost-free regions of the world. The genus
probably arose in South America but most
centers of morphological and taxonomic diver-
sity occur in the Northern Hemisphere.
Numerous taxonomic studies on particular
species complexes have been published over
the 20th century based largely on morphology
(Becker 1925) and chromosome numbers
(Clausen 1927, 1929). A recent molecular
phylogenetic analysis (Ballard 1996, Ballard
et al. 1999) has clarified the composition and
relationships of the main groups and reevalu-
ated the placement of controversial
assemblages.

Section Melanium Ging., which includes
the so-called pansies, is derived and probably
monophyletic. It is a morphologically well-
defined group of about 80–100 species (Bal-
lard 1996). Most species are herbaceous,
caulescent, with frontally flattened flowers, a
yellow throat, big divided leaf-like stipules as
well as entire stipules and a well-developed
spur of variable length among species. The
side petals are upturned (downturned in the
other sections) and the bottom petal is
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enlarged, serving probably as a landing plat-
form for insect pollinators. The style has a
characteristic capitate or globose shape with a
stigmatic orifice on a ventral rostellum. Cleis-
togamy has not been reported for members of
this section (Knuth 1908, Herrera 1993)
although it occurs in most species in the rest
of the genus. The geographical distribution
spans Europe and westernmost Asia. A few
species are found in Northern Africa and one
species is disjunct and probably native in
North America (Clausen et al. 1964). The
composition of section Melanium varies
according to authors. Ballard (1996) hypoth-
esizes that the woody sections Xylinosium and
Delphiniopsis may have arisen from within
Melanium. The woody stems, linear leaves
and long spurred flowers, adapted to hawk
moth pollination in the three Delphiniopsis
species, have been traditionally interpreted as
primitive characters by some taxonomists
(Beattie 1974) However, these are readily
argued to represent instead evolutionary spe-
cializations, as are the woody stems of the
four Xylinosium species in the Fynbos and
Mediterranean regions. Both sections have
the frontally flattened flowers with a yellow
corolla throat, which characterize the section
Melanium, and share cytological features with
different groups of this section (Ballard 1996).
If this most recent viewpoint is maintained,
section Melanium is composed of three
groups: Elongatae, Delphiniopsis and Xylino-
sium.

Cytological diversity is a striking feature of
this section. Whereas the base chromosome
number is relatively stable in the rest of the
genus (x¼ 12, x¼ 10 or x¼ 6), it is extremely
diverse in the sectionMelanium where it ranges
from x¼ 5 to x¼ 17, with polyploid series
based on most of them (Ballard 1996, Erben
1996). Erben (1996) proposes x¼ 11 as the
original base number, while Ballard has sug-
gested either x¼ 5, x¼ 6 or x¼ 10 based on the
molecular phylogenetic relationships of the
whole clade containing Melanium and its
nearest sister groups (Ballard et al. 1999)
Determination of which hypothesis is correct

would depend on a robust phylogeny for
Melanium species themselves and placement
of certain ploidy levels within that phylogeny.
Intra-specific variation of chromosome num-
ber has been reported (Küpfer 1971).

Hybridization is common throughout the
genus and often leads to fertile derivatives
(Stebbins et al. 1963, Ballard 1996, Erben
1996, Ko et al. 1998, Neuffer et al. 1999) in
spite of ploidy differences. Many species from
the section Melanium are believed to originate
from hybridization events (Clausen 1927,
Küpfer 1971, Erben 1996), which suggests
potentially close relationships among species.
One can wonder to what extent hybridization
has driven the expansion of the section. Could
hybridization combined with allopolyploidy
and aneuploidy account for the high diversity
in chromosome numbers? Reconstructing the
cytological history of such a group, with a
putatively reticulate evolution, is a challenge.
A few attempts, based on chromosome num-
bers, have been made in the past (Clausen
1927, Küpfer 1971), but there is no compre-
hensive study of the section. The increasing
sophistication of molecular markers offers the
possibility to investigate the phylogenetic rela-
tionships of closely related species (Small et al.
1998, Wolfe and Randle 2001), to detect the
hybrid origin of species (Mes et al. 1997,
Morrell and Rieseberg 1998, Sang and Zhang
1999) and reticulate evolution (Rieseberg 1991,
Sang et al. 1995) and to ultimately place
cytogenetic evolution within a broader, inde-
pendently derived context.

In this paper, we present a molecular
phylogeny of the section Melanium. Two kinds
of markers have been used for this purpose:
Internal Transcribed Spacer (ITS) nuclear
DNA sequences, which are routinely used for
resolving phylogenetic relationships within
genera (Yuan 1996, Compton et al. 1998,
Torrell et al. 1999, Blattner et al. 2001), and
Inter Simple Sequence Repeat (ISSR) markers,
which have been used for assessing intraspe-
cific as well as interspecific genetic diversity
and potential hybridization (Salimath et al.
1995, Fang et al. 1998, Ge and Sun 1999, Joshi
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et al. 2000, Martin and Sánchez-Yélamo 2000,
Wolfe and Randle 2001). The phylogenetic
position of species belonging to the groups
Xylinosium and Delphiniopsis is examined, and
we propose scenarios for cytological evolution
in the section Melanium.

Materials and methods

Plant material and DNA isolation. Table 1 lists the
46 species studied and their taxonomic position
according to Ballard et al. (1999). Section Melani-
umGing. is represented by 25 species of 80–100 and
sections Delphiniopsis and Xylinosium by 4 species;
the rest of the species are used as outgroups to root
the trees. The 25 Melanium species used in the
study were selected to represent the geographic
range of pansies. However, the number species
included was limited by the accessibility to the
plant material. A handful of species could not be
amplified successfully for both approaches, but
most taxa yielded data for both ITS sequences and
ISSR markers. Specimens were obtained either in
the field, from botanical gardens or from the
herbarium of the University of Neuchâtel. Voucher
specimens are deposited at University of Neuchâtel.
Total DNA was extracted from either fresh or dried
leaves, using the Dneasy Plant Mini Kit (Qiagen)
according to the manufacturer’s instructions.

ITS sequencing. The ITS1 and ITS 2 regions
were amplified simultaneously using universal
primers (5¢ GGA AGT AGA AGT CGT AAC
AAG 3¢ and 5¢ TCC TCC GCT TAT TGA TAT
GC 3¢, respectively). PCR reactions were per-
formed in a total volume of 50 ll containing 2 ll
DNA, 0.32 lM of each primer, 140 lM dNTPs,
2.5 mM MgCl2 and 1U Taq Polymerase (Promega,
Madison, WI), in 1X buffer A (Promega, Madison,
WI). We used a PTC-100 Thermal cycler (MJ-
Research, Inc.) or, for some ITS sequences, a
Perkin Elmer 2400 model, programmed for an
initial step of 3 min at 94 �C, followed by 35 cycles
of 40 s at 94 �C, 50 s at 50–55 �C, 1.5 min at 72 �C
and a final step of 5 min at 72 �C. PCR products
were visualized on a 2% agarose gel, purified using
the QIAquick PCR purification kit (Qiagen) or the
Promega Wizard PCR Preps kit and sequenced on
both strands with the DNA sequencing Big Dye
terminator kit (ABI Prism). Cycle sequencing
products were run on an ABI Prism 3700 DNA

Analyzer automated sequencer or a 310 capillary
sequencer (PE Biosystems, Foster City, California,
USA). Sequences were deposited in GenBank.

ISSR. The seven primers employed were
based on SSR motifs ((CA)6-GC, (CT)8-AC,
(CT)8-TG, (CA)6-AC, (CT)8-GC, (CA)6-AG and
(CA)6-GT) reported for flowering plants (Wolfe
et al. 1998, Esselman et al. 1999). Reactions con-
sisted of 1X Taq DNA polymerase buffer, 0.2 mM
of each dNTP, 3 mM MgCl2, 1.3 lM primer, 2%
Formamide, 1 ll DNA and 1U Taq DNA poly-
merase (Promega Corp.) in a total volume of 15 ll.
Amplifications were performed in a PTC-100
thermal cycler (MJ Research, Inc.) using the
following temperature profile: 90 s at 94 �C, 35
cycles [40 s at 94 �C, 45 s at 44 �C and 90 s at
72 �C] followed by 45 s at 94 �C, 45 s at 44 �C and
5 min at 72 �C. Amplification products were
visualized on 1.5% agarose gels stained with
ethidium bromide and photographed under UV
light. Band sizes were estimated with the 200–
10,000 bp Ladder and the 100–1000 bp Ladder
(Smart Ladder, Eurogentec, Belgium).

Data analyses. ITS Sequences were aligned
using Clustal X (Thompson et al. 1997) with final
corrections made manually. The 5.8S coding region
was excluded from the alignment. Phylogenetic
analyses were performed with PAUP 4.0b8a*
(Swofford 2001). Indel regions were scored as
additional characters using Gapcoder (Young and
Healy 2002). Maximum Parsimony analysis (MP)
was performed using the heuristic search algorithm,
with the MULTREES option on, TBR branch
swapping, and 1000 replicates with random addi-
tion saving 100 trees per replicate. Bootstrapping
(100 replicates) was done using the previous
parameters. Jukes-Cantor pairwise distances were
used for distance analysis with the Neighbor
Joining (NJ) method. Maximum Likelihood anal-
ysis was performed using the heuristic search
algorithm with TBR branch swapping, 10 replicates
with random addition option and the following
model of evolution: TIM+G, alpha shape param-
eter equal to 1.3044, estimated using Modeltest
version 3.06 (Posada 2001).

The DNA fragments obtained using the ISSR
primers were scored as present (1) or absent (0).
Only fragments with a strong and clear signal were
scored. Bands of identical size were assumed
homologous across species sampled in this study.
The 0/1 matrix was used to calculate a similarity
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ré
n
ée
s
(S

E
u
ro
p
e)

1
1

2
,
4

H
IB

0
3
0
6
4

V
io
la

co
rs
ic
a
N
y
m
a
n

C
o
rs
ic
a
,
S
a
rd
in
ia

6
0
,
2
6

2
,
3

H
R
5

V
io
la

d
y
ri
s
M
a
ir
e*

M
o
ro
cc
o

1
0
,
1
1

2
,
6

H
IB

0
3
3
3
6

V
io
la

eu
g
en
ia
e
P
a
rl
.

A
p
p
en
in
es

(I
ta
ly
)

1
7
b

2
H
R
7

A
Y
1
4
8
2
3
3
,

A
Y
1
4
8
2
5
3

V
io
la

g
ra
ci
li
s
S
ib
th
.
&

S
m
.

G
re
ec
e

1
0
q

1
7

S
N
-0
0
0
4

A
Y
1
4
8
2
3
4
,

A
Y
1
4
8
2
5
4

V
io
la

k
it
a
ib
el
ia
n
a

R
o
em

.
&

S
ch
u
lt
es

E
u
ro
p
e,

A
si
a
,
U
S
A

7
,
8
,
1
2
,
1
8
,
2
4

2
S
N
-0
0
0
8

A
Y
1
4
8
2
3
5
,

A
Y
1
4
8
2
5
5

V
io
la

lu
te
a
H
u
d
so
n
*

C
E

E
u
ro
p
e,

S
-P
y
re
n
ee
s

2
4

2
,
4

H
IB

0
3
0
3
2

A
Y
1
4
8
2
3
6
,

A
Y
1
4
8
2
5
6

V
io
la

m
a
g
el
le
n
si
s
P
o
rt
a

&
R
ig
o
ex

S
tr
o
b
l.

A
p
p
en
in
es
,
G
re
ec
e,

A
lb
a
n
y

1
1

2
H
IB

?
A
Y
1
4
8
2
3
7
,

A
Y
1
4
8
2
5
7

V
io
la

m
in
u
ta

B
ie
b
.*

C
a
u
ca
se

?
H
IB

0
3
4
5
6

V
io
la

m
o
n
tc
a
u
n
ic
a
P
a
u
*

S
p
a
in

1
1

7
H
IB

0
3
0
2
4

V
io
la

a
rg
en
te
ri
a
B
.
M
o
ra
ld
o

&
G
.F
o
rn
er
is
*

A
lp
s,
C
o
rs
ic
a
(E
u
ro
p
e)

7
c

3
H
IB

0
3
0
3
8

156 R. Yockteng et al.: Phylogeny of pansies using molecular markers



T
a
b
le

1
(c
o
n
ti
n
u
ed
)

V
io
la

o
re
a
d
es

B
ie
b
.*

A
n
a
to
li
a
,
C
a
u
ca
s,
C
ri
m
ea

?
H
IB

0
3
0
2
6

V
io
la

p
a
lm

en
si
s
W
eb
b

&
B
er
th
.

C
a
n
a
ry

Is
l.
L
a
P
a
lm

a
?

H
R
8

A
Y
1
4
8
2
3
9
,

A
Y
1
4
8
2
5
9

V
io
la

p
a
rv
u
la

T
in
eo
*

S
E
u
ro
p
e,

S
y
ri
a

5
2
.8

H
IB

0
3
0
2
5

A
Y
1
4
8
2
4
0
,

A
Y
1
4
8
2
6
0

A
Y
1
4
8
2
4
1
,

A
Y
1
4
8
2
6
1

V
io
la

p
er
in
en
si
s
W
.
B
ec
k
er

G
re
ec
e,

B
u
lg
a
ri
a

(M
a
ce
d
o
n
ia
)

1
0
,
1
1

2
,
1

H
R
9

V
io
la

st
o
ja
n
o
w
ii
W
.
B
ec
k
er

G
re
ec
e,

B
u
lg
a
ri
a

(M
a
ce
d
o
n
ia
)

1
3

1
S
N
-0
0
0
1

V
io
la

tr
ic
o
lo
r
L
.

E
u
ro
p
e,

N
o
rt
h
A
m
er
ic
a

1
3

2
,
4

S
N
-0
0
1
0

A
Y
1
4
8
2
4
3
,

A
Y
1
4
8
2
6
3

V
io
la

va
ld
er
ia

A
ll
.

A
lp
s

1
0

2
,
4

H
IB

0
3
0
5
6

A
Y
1
4
8
2
4
4
,

A
Y
1
4
8
2
6
4

X
y
li
n
o
si
u
m

V
io
la

a
rb
o
re
sc
en
s
L
.

M
ed
it
er
ra
n
ea
n
re
g
io
n

2
6

3
K
E
W

3
1
6
-

7
4
.0
2
5
2
9
-

1
0
2
2
0

V
io
la

sa
x
if
ra
g
a
M
a
ir
e

M
a
ro
cc
o

2
6

4
H
R
1
0

V
io
la

d
ec
u
m
b
en
s
L
.f
.

S
o
u
th

A
fr
ic
a

D
el
p
h
in
io
p
si
s

V
io
la

ca
zo
rl
en
si
s
G
a
n
d
.

S
p
a
in

1
0

4
,
5

S
N
-0
0
0
6

A
Y
1
4
8
2
3
0
,

A
Y
1
4
8
2
5
0

V
io
la

I
–

O
u
tg
ro
u
p

V
io
la

ro
tu
n
d
if
o
li
a
M
ic
h
x
.

N
A
m
er
ic
a

6
B
a
ll
a
rd

et
a
l.

1
9
9
9

A
F
0
9
7
2
2
4
1
,

A
F
0
9
7
2
8
7

V
io
la

II
–

O
u
tg
ro
u
p

V
io
la

b
la
n
d
a
B
ra
in
er
d

N
A
m
er
ic
a

2
2

1
4
.1
5

B
a
ll
a
rd

et
a
l.

1
9
9
9

A
F
0
9
7
2
3
8
,

A
F
0
9
7
2
8
4

V
io
la

ja
la
p
a
en
si
s
W
.
B
ec
k
er

M
ex
ic
o

B
a
ll
a
rd

et
a
l.

1
9
9
9

A
F
0
9
7
2
3
5
,

A
F
0
9
7
2
8
1

V
io
la

p
in
n
a
ta

L
.

E
u
ra
si
a
,
N

A
m
er
ic
a

2
4

3
B
a
ll
a
rd

et
a
l.

1
9
9
9

A
F
0
9
7
2
4
0
,

A
F
0
9
7
2
8
6

R. Yockteng et al.: Phylogeny of pansies using molecular markers 157



T
a
b
le

1
(c
o
n
ti
n
u
ed
)

S
ec
ti
o
n
s

S
p
ec
ie
s

S
p
ec
ie
s
D
is
tr
ib
u
ti
o
n

n
R
ef
.

V
o
u
ch
er

G
en
B
a
n
k

N
u
m
b
er

V
io
la

II
I
–

O
u
tg
ro
u
p

V
io
la

o
d
o
ra
ta

L
.

C
E
u
ro
p
e,

S
a
n
d
N

A
m
er
ic
a
,

A
si
a

1
0

2
S
N
-0
0
0
2

A
Y
1
4
8
2
3
8
,

A
Y
1
4
8
2
5
8

V
io
la

re
ic
h
en
b
a
ch
ia
n
a

Jo
rd
a
n
ex

B
o
re
a
u

E
u
ro
p
e
W
-A

si
a
,

M
id
d
le

E
a
st
,

N
o
rt
h
A
fr
ic
a

1
0

A
F
0
9
7
2
4
8
,

A
F
0
9
7
2
9
4

V
io
la

ri
vi
n
ia
n
a
R
ei
ch
b
.

E
u
ro
p
e,

M
ed
it
er
ra
n
ea
n

re
g
io
n
,
M
id
d
le

E
a
st

2
0

S
N
-0
0
0
9

A
Y
1
4
8
2
4
2
,

A
Y
1
4
8
2
6
2

D
is
ch
id
iu
m

–
O
u
tg
ro
u
p

V
io
la

b
ifl
o
ra

L
.*

B
o
re
a
l
a
n
d
T
em

p
er
a
te

R
eg
io
n
s

6
2

H
IB

0
3
0
6
8

A
Y
1
4
8
2
2
8
,

A
Y
1
4
8
2
4
8

C
h
a
m
a
em

el
a
n
iu
m

I
–

O
u
tg
ro
u
p

V
io
la

b
a
rr
o
et
a
n
a
H
em

sl
ey

M
ex
ic
o

B
a
ll
a
rd

et
a
l.

1
9
9
9

A
F
0
9
7
2
2
4
,

A
F
0
9
7
2
7
0

V
io
la

p
u
b
es
ce
n
s
A
it
o
n

N
A
m
er
ic
a

6
1
3

B
a
ll
a
rd

et
a
l.

1
9
9
9

A
F
0
9
7
2
2
5
,

A
F
0
9
7
2
7
1

V
io
la

p
u
rp
u
re
a
K
el
lo
g

N
A
m
er
ic
a
,

B
a
ja

C
a
li
fo
rn
ia

6
1
1

B
a
ll
a
rd

et
a
l.

1
9
9
9

A
F
0
9
7
2
2
9
,

F
0
9
7
2
7
5

V
io
la

sh
el
to
n
ii
T
o
rr
.

N
A
m
er
ic
a

6
1
1

B
a
ll
a
rd

et
a
l.

1
9
9
9

A
F
0
9
7
2
2
6
,

A
F
0
9
7
2
7
2

V
io
la

va
ll
ic
o
la

A
.
N
el
so
n

N
A
m
er
ic
a
,

B
a
ja

C
a
li
fo
rn
ia

6
1
6

B
a
ll
a
rd

et
a
l.

1
9
9
9

A
F
0
9
7
2
3
0
,

A
F
0
9
7
2
7
6

C
h
a
m
a
em

el
a
n
iu
m

II
–

O
u
tg
ro
u
p

V
io
la

cu
n
ea
ta

S
.
W
a
ts
o
n

N
A
m
er
ic
a
,

N
M
ex
ic
o

B
a
ll
a
rd

et
a
l.

1
9
9
9

A
F
0
9
7
2
3
4
,

A
F
0
9
7
2
8
0

V
io
la

fl
a
g
el
li
fo
rm

is
H
em

sl
ey

M
ex
ic
o

6
1
3

B
a
ll
a
rd

et
a
l.

1
9
9
9

A
F
0
9
7
2
3
3
,

A
F
0
9
7
2
7
9

158 R. Yockteng et al.: Phylogeny of pansies using molecular markers



matrix using the Dice coefficient (Salimath et al.
1995). A phenogram was constructed with UP-
GMA using NTSYS 1.8 (Rohlf 1999). An analysis
of maximum parsimony was also done with a
heuristic search using PAUP 4.0b8a (Swofford
2001). Robustness of the UPGMA and Maximum
Parsimony trees was evaluated by a bootstrap
analysis. Principal coordinates analysis (PCoA)
was used to find relationships between ISSR
markers and specimens without a priori division
of the samples into discrete groups (Wiley 1981).
PCoA was conducted under MatLab (version 5,
The Math Works Inc.) using a Dice distance matrix
(1 – Dice similarity coefficient).

We traced the distribution of haploid chromo-
some number on the Neighbor Joining ITS tree and
the consensus ISSR cladogram (MP) using Mac
Clade (Maddison and Maddison 1992).

Results

ITS. The alignment of ITS1 and ITS2 se-
quences consisted of 510 positions (ITS1: 293
positions and ITS2: 217 positions). 127 indels
were coded as additional characters. This
alignment included the sequences from 20
individuals from the section Melanium (repre-
senting 17 species), from 19 species represent-
ing the other sections of the genus and from
Hybanthus concolor (Violaceae), used as an
outgroup (Table 1). 227 sites were parsimony
informative (35.5%). The parsimony informa-
tive positions were reduced to 14 when only
species from section Melanium were included,
revealing highly reduced genetic divergence
within the pansies.

The heuristic search generated 8300 most
parsimonious trees of 875 steps with a consis-
tency index of 0.644 and a retention index of
0.752, indicating a moderate level of homo-
plasy. The strict consensus tree resulted in a
largely unresolved polytomy for the pansies,
but their monophyletic origin is supported
with a 100% bootstrap value (Fig. 1). The
species representing the sections Delphiniopsis
and Xylinosium are located apart from the
Melanium species. Viola cazorlensis (section
Delphiniopsis) appears as sister group to Mel-
anium in all analyses, although this relation-T
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ü
ll
er

1
9
7
4
);
8
:
(S
ch
m
id
t
1
9
6
2
);
9
:
(G

a
ll
a
n
d
1
9
8
5
);
1
0
:
(S
tr
id

1
9
9
6
);
1
1
:
(C

la
u
se
n
1
9
6
4
);
1
2
:
(D

a
m
b
o
ld
t
a
n
d
P
h
it
o
s
1
9
7
1
);
1
3
:
(C

la
u
se
n

1
9
2
9
);
1
4
:
(G

er
sh
o
y
1
9
3
2
);
1
5
:
(C

a
n
n
e
1
9
8
7
);
1
6
:
(D

a
v
id
se

1
9
7
6
);
1
7
:
(T
u
ti
n
et

a
l.
1
9
6
8
)

H
R
:
C
o
ll
ec
ti
o
n
H
ei
n
z
R
eh
fe
ld
,
D
.-
E
rx
le
b
en

S
tr
.9

0
6
4
8
4
Q
u
ed
li
n
b
u
rg
,
G
er
m
a
n
y
;
R
B
G
E
:
R
o
y
a
l
B
o
ta
n
ic
G
a
rd
en
,
E
d
in
b
u
rg
h
,
U
K

;
K
E
W
:
R
o
y
a
l

B
o
ta
n
ic

G
a
rd
en
s,
K
ew

,
U
K
;
H
IB

:
H
er
b
a
ri
u
m

o
f
In
st
it
u
te

o
f
B
o
ta
n
y
,
U
n
iv
er
si
ty

o
f
N
eu
ch
â
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Fig. 1. Strict consensus tree of 8300 most parsimonious trees resulting from a heuristic search with TBR,
random addition sequence (nreps¼ 1000) and MulTrees ON, based on a data set of ITS sequences. Bootstrap
values higher than 50% are indicated above branches. Sections are according to (Ballard et al. 1999)
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ship is only moderately supported in the
Maximum Parsimony tree (bootstrap value of
62%). In both distance (NJ) and Maximum
Likelihood analyses (not shown), Xylinosium is
sister group to a clade comprising Melanium,
Delphiniopsis and Viola.

The level of ITS sequence divergence with-
in section Melanium was estimated using
uncorrected pairwise distance and compared
to other sections of Viola. Significantly lower
values were found for the pansy group (mean
value = 0.023) compared to related sections
(0.032 to 0.092) and subsections (0.051 to
0.068) (Kolmogorov-Smirnov test, p < 0.01 in
SAS System).

ISSR. ISSR data from 7 primers were
obtained for 32 species (3 from section Viola, 1
from sections Dischidium and Delphiniopsis, 2
from section Xylinosium and 25 from section
Melanium). Species from sections other than
Melanium were used as outgroups. We selected
primers that displayed interspecific variation
but no or little intraspecific variation.

A total of 177 polymorphic fragments
ranging from 230 to 1556 bp were scored. We
scored 27 bands for the primer (CA)6-GC, 15
bands for (CT)8-AC, 20 bands for (CT)8-TG,
33 bands for (CA)6-AC, 24 bands for (CT)8-
GC, 33 bands for (CA)6-AG and 25 bands for
(CA)6-GT. 84% of the 177 characters con-
sisted of bands shared by at least two species,
and were therefore parsimony informative.
sixty-six bands were found exclusively in spe-
cies belonging to Melanium and were therefore
autapomorphies of this section, although none
of the bands were shared by all 25 pansies. The
smallest pairwise similarities were found
among outgroups, ranging between 0 and
0.355. Values ranged between 0.127 and
0.759 among pansies, the highest similarity
being between V. cheiranthifolia and V. palm-
ensis, from the Canary Islands. Whatever
method was used for phylogenetic inference,
MP (Fig. 2) or distance (not shown), all species
belonging to Melanium were clustered together
and all the species chosen as outgroups were
basal to Melanium. Viola arborescens and
V. saxifraga were grouped together, according

to their placement in section Xylinosium (Gal-
land 1998) Within Melanium, the tree topology
shows a basal group of 5 species including V.
parvula, confirming the result obtained with
the ITS sequence data for this species (Fig. 1).
The rest of the species are distributed in three
main cluster. One regroups 4 species widely
distributed in Europe (V. arvensis, V. lutea, V.
cornuta and V. tricolor). Another cluster
regroups 7 more narrowly endemic species
(V. stojanowii, V. bertolonii, V. corsica, V.
calcarata, V. perinensis, V. cheiranthifolia and
V. palmensis) found in Southern Europe or the
Canary Islands. The position of V. aetolica, V.
eugeniae, V. gracilis and V. alpina varies
between distance and MP analyses. The prin-
cipal coordinates analysis (Fig. 3) supports the
inclusion of these 4 species in the two cluster
above mentioned, as found in the MP analysis.
Viola kitaibeliana has an intermediate position
between this group and the more basal species.

Chromosome numbers. Chromosome
number evolution was reconstructed with
MacClade using the MP tree based on ISSR
data (Fig. 4). It gives x¼ 7 as a hypothetical
base chromosome numbers for the section
Melanium. Reconstruction using the NJ tree
based on ITS data gives x¼ 5. The number
x¼ 11 appears to be the ancestral state for the
most derived groups of Melanium, which
display the highest diversity of chromosome
numbers.

Discussion

For sorting out phylogenetic relationships in a
group of closely related plants, the most widely
used markers are ITS and non-coding chloro-
plast regions such as trnL-F (Gielly and
Taberlet 1994, Gielly et al. 1996, Johansson
1998, Fukuda et al. 2001). As a database of
ITS sequences of Viola species was already
available, we chose to start our investigation of
phylogenetic relationships in section Melanium
using ITS sequences, in the hope of finding
phylogenetic structure in the section and
identifying clusters of species. Based on our
results, section Melanium, which consists of all
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the species considered as ‘‘pansies’’, is clearly
monophyletic, as shown by the strong boot-
strap support. It confirms that the orientation
of lateral petals, used as a criterion for
distinguishing between pansies and violets, is

a synapomorphy of pansies. This particular
shape of flower is encountered in only one
other complex species of violets, the circum-
boreal V. biflora species complex. ITS
sequence data confirm morphological classifi-

Fig. 2. Strict consensus of 4 trees resulting from a heuristic search based on ISSR data from 25 Melanium
species and 7 outgroup species. Bootstrap values higher than 50% are indicated above branches. Sections in
bold are according to Ballard et al. (1999), divisions following species names are according to Melchior (1960)
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cations, which consider this feature as a
convergence: this species is placed in section
Dischidium, not directly related to section
Melanium (Fig. 1). Another morphological
synapomorphy of pansies is the size of pollen
grains, which was measured for a sample of the
species included in this study. Pollen grains are
significantly larger in section Melanium than in
outgroups (mean length 56 lm within Melani-
um, 33 lm for outgroups; T test p < 0.01). It
can be noted that the size of pollen in sections
Xylinosium and Delphiniopsis is not signifi-
cantly different from the size of pollen in the
other outgroups which confirms the distinction
between section Melanium and sections Xyli-
nosium and Delphiniopsis.

However, the alignment of ITS1+ITS2
sequences revealed very little variation among

pansy species. The number of nucleotide
differences between species ranges from 0 to
16 (0 to 4.3%). In fact, intraspecific variation
evaluated by the sequences of two individuals
for V. lutea (3 differences), V. arvensis (2
differences) and V. calcarata (6 differences),
was comparable to interspecific variation. The
large polytomy observed in the tree presented
in Fig. 2 shows a complete lack of resolution.
Consequently, whereas ITS sequence data
proved useful to clarify relationships among
sections (Compton et al. 1998, Esselman et al.
1999, Torrell et al. 1999, Bell and Patterson
2000), it clearly offers no help within section
Melanium. Chloroplast regions are now used
routinely for infrageneric phylogenetic studies
(Gielly and Taberlet 1994, Gielly et al. 1996,
Johansson 1998, Wang et al. 1999). The

Fig. 3. Principal Coordinates Analysis (PCoA) plot based on ISSR data. The two principal coordinates
account for an accumulate variation of 21.2%. Chromosome numbers (n) are indicated
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Fig. 4. Reconstruction of the evolution of chromosomal number using Equivocal Cycling option of MacClade
3.08 (Maddison and Maddison 1992), using the ISSRMP tree. First of 684 most parsimonious reconstructions.
Branch numbers are haploid (meiotic) chromosome numbers, whereas those in parentheses following species
names are diploid (sporophytic) numbers
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potential variability of the chloroplast ge-
nome within Melanium was evaluated by
using the PCR-RFLP technique. Two regions,
rpoC1 and trnH-trnK, were amplified and
digested with an array of 4-base and 6-base
cutting enzymes (data not shown). No varia-
tion at all was detected among pansies,
indicating a high degree of sequence identity.
Instead of sequencing very long regions, with
limited chances to find variation, our choice
was to use ISSR markers. These markers have
a level of variability similar to or greater than
that of RAPDs, but do not generally suffer as
much from the problem of reproducibility.
They have been used mostly for assessing
genetic diversity among populations (Essel-
man et al. 1999, Gilbert et al. 1999, Camacho
and Liston 2001) but they have also been
used successfully for studying phylogenetic
relationships and potential hybridization and
introgression among closely related species
(Fang et al. 1998, Joshi et al. 2000, Wolfe and
Randle 2001).

Although most nodes on the distance or
the MP trees (Fig. 2) are not supported by
high bootstrap values, it can be noted that the
general clustering pattern of species is similar
in both trees and in the PCoA (Fig. 3). None
of the classifications of the section proposed
previously are in agreement with our results
(Drabble 1909, Shishkin 1949, Melchior 1960),
suggesting a high level of homoplasy in mor-
phological distinctions of subsections. Melani-
um was divided in two groups by Melchior
(1960): Scaposae (absence of above-ground
stem) and Elongatae (presence of above-
ground stem), the latter being subdivided again
in Integrifoliae (entire leaves) and Crenatifoliae
(crenate leaves). Our tree (Fig. 2) does not
support this classification. Most pansies have
crenate leaves and the few species with entire
leaves have evolved independently. The only
species representing the group Scaposae,
V. alpina, appears derived from Elongatae.
The occurrence of hybridization events could
affect the morphological characters as the leaf
form leaving the phylogenetic value of these
type of character very questionable. Addition-

ally, the ISSR results do not follow a geo-
graphic pattern: no clear correlation appears in
the trees between species relationship and
geographic distribution. Although the ISSR
markers bring valuable information about the
relationships among pansies, the interpretation
could be complex if Melanium species have
undergone a reticulated evolution. In this case,
introgression events could affect the pattern of
molecular markers in species originated by
hybridization. To confirm the occurrence of
reticulation processes during the evolutionary
history of Melanium, it will be necessary to
conduct a thorough molecular analysis in
order to find specific markers to identify the
hypothetical parental species and verify the co-
occurrence of these markers in species formed
by hybridization.

Some remarks can be made about chro-
mosomal evolutionary pattern. In a paper
discussing the role of hybridization in forming
species in Melanium, Erben (1996) suggested
that this section would have evolved from an
ancestor with x¼ 11, with decreasing and
increasing dysploidy taking place through
structural changes. Our results do not contra-
dict this hypothesis, since a paraphyletic group
of species with 2n¼ 22 is located near the base
of the section. The number 2n¼ 20 would be
derived from 2n¼ 22 by the fusion of 2
chromosomes, forming a large metacentric
chromosome (Erben 1996). Under such a
scenario of evolution, the low chromosome
numbers of V. parvula (2n¼ 10) and V. argen-
teria (2n¼ 14) would be interpreted as derived,
resulting from decreasing dysploidy. However,
our reconstruction of the chromosome number
evolution suggest that the base number of the
section is either x¼ 5 using the ITS tree or
x¼ 7 using the ISSR tree. The derived chro-
mosome number x¼ 11 would be then the
result of hybridization process between species
with x¼ 7 and x¼ 5 and further fusion of
chromosomes. Under this scenario, V. parvula
(and possibly also V. argenteria) is wrongly
positioned in some of the ISSR trees, and is in
fact sister group to a clade including all other
Melanium species, as confirmed by the ITS
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data set. Pollen morphology also supports this
scenario. Both V. parvula and V. argenteria
have smaller pollen grains than the remaining
species of the section, and pollen grains are
predominantly 3-aperturate, like violets,
whereas all other pansies examined produce
mostly 4-aperturate pollen grains. These two
species could then be representative of a sister
group of sectionMelanium in which decreasing
dysploidy would have happened. Further
addition of species and use of other types of
DNA data, would be interesting in order to
examine more closely the phylogenetic position
of Melanium species with low base numbers.

In the ISSR tree, the most derived group of
pansies shows extremely variable chromosome
numbers, ranging from 2n¼ 16 to 120, and no
clear pattern of evolution appears from the
tree (Fig. 4). It has been suggested that pansies
have undergone a reticulate evolution (Küpfer
1971, Erben 1996): indeed, crosses between
species are easy in pansies, even with different
chromosome numbers, and often give fertile
hybrids. This phenomenon would explain the
weakly supported relationships among pan-
sies. It would also explain why most species of
pansies display pollen heteromorphism: this
phenomenon has been shown to arise as a
consequence of polyploidization (Bronckers
1963, Mignot et al. 1994, Nadot et al. 2000)
which is often associated with hybridization.
Polyploidization and/or hybridization could
also account for the larger size of pollen grains
in pansies, as it has been shown that hybrid-
ization can affect pollen morphology (Cha-
turvedi et al. 1999) The low level of genetic
differentiation revealed by the ITS analysis
could be interpreted as resulting from explo-
sive and quite recent radiation (Hodges and
Arnold 1994, Givnish and Sytsma 1997, Yuan
and Küpfer 1997, Ainouche and Bayer 1999,
Hahn and Sytsma 1999, Blattner et al. 2001).
When examining different sections and sub-
sections of Viola, pansies appear to have the
lowest level of genetic differentiation of ITS
(0.023%), even compared to the most derived
group in the genus, namely the Hawaiian
violets of section Nosphinium (0.032%)

(Ballard et al. 1999, Ballard and Sytsma
2000). Their sequence identity is therefore
likely to reflect an explosive radiation, and
not simply a recent origin. The apparition of a
key innovation, such as the different orienta-
tion of lateral petals perhaps coupled with
lateral petal trichomes, corolla color differen-
tiation and modification of the shape, could
have triggered the diversification of section
Melanium, the changes in flower morphology
allowing them to access a broader array of
pollinators compared to the ‘‘ancestral’’ types
(Hodges and Arnold 1994).

The molecular study presented here is only
preliminary and further work is needed in
order to understand the evolution of pansies.
To clarify conclusively the relationships
among pansies, it would be helpful to increase
the ISSR data set by adding extra species or
using markers such as Amplified Fragment
Length Polymorphisms (AFLP’s). In addition,
such a complex reticulate evolution will be
better understood by using cytogenetic meth-
ods such as Fluorescent or Genomic In Situ
Hybridization, by conducting artificial hybrid-
izations and observing meiotic behavior of
both synthetic and putative hybrids, and by
comparison of data from biparentally and
uniparentally inherited genomes (e.g. nuclear
and chloroplast simple sequence repeats).
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of Botany and Botanical Garden of Vienna Uni-
versity, Philip Ashby of Royal Botanical Garden in
Edinburgh, Olga Baeta of Madeira Botanical
Garden, Boris Turk of Alpine Botanical Garden
Juliana in Slovenia, Simonetta Peccenini, Irène Till-
Botraud and Carlos Herrera for generously pro-
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cytogéographique. Travaux de l’Institut Sci.,
Univ. Mohammed V.; Séries Botanique 35: 1–
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