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Fig. 6. Analysis of the SDM1 gene products in double-flowered varieties. (A) Agarose gel image of PCR amplification products of SDM1 from flower bud
cDNA of Flore Pleno (FP), Rosea Plena (RP), Thelma Kay (TK), Firefly (FF) and wild-type male (WT). Size markers (SM) in kb. (B) Alignment of predicted
amino acid sequences of SDM1 in double-flowered varieties and wild-type S. dioica with S. latifolia SLM1 using the standard single letter code. Amino
acid differences between SLM1 characterized here and the original SLM1 sequence (Hardenack et al., 1994) are highlighted in bold. The single amino
acid difference between SDM1 and SLM1 is shown in bold boxed gray. Stop codons are shown by an asterisk and divergence from wild-type is
highlighted grey. Genbank accession numbers for SDM1 sequences: male Silene dioica wild-type, KM598332; Flore Pleno, KM598329; Rosea Plena,
KM598330; Thelma Kay, KM598331; Firefly, KM598328; S. latifolia SLM1: KP954655.

segregated as a double-flowered mutant from the same origi-
nal population of wild-type plants as Flore Pleno; (ii) it arose
from a novel recessive mutation in an unrelated population;
(1i1) it originated as a somatic variant of Flore Pleno, was rec-
ognized as different and became an established variety.

Given the 200 years between the original documentation of
the two varieties, and their geographically different origins, we
considered the first possibility to be unrealistic as the original
mutant heterozygote is unlikely to have been maintained and
propagated. In considering a recessive mutation in S. dioica
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Fig. 7. Schematic diagram of the genomic structure of the SDM7 locus. The intron-exon structure of the SDM1 locus is indicated for the four double-
flowered varieties and wild-type S. dioica. Black boxes denote exons, lines denote introns, long introns are shown interrupted by //. The length of exons
and introns in bp are shown above and below the genes respectively. White boxes marked * indicate the locations of insertion mutations that cause the

mutant phenotypes.

it is important to recognize that it cannot self: homozygous
recessive individuals can only arise by crosses between male
and female heterozygotes. Given the similarities between the
floral architecture of Flora Pleno and Rosea Plena we con-
sidered it probable that the mutants share a genetic common
origin rather than having arisen independently. RAPD data
similarly suggested a common genetic relationship between
the three female mutants (Fig. 5).

We speculated that the S. dioica homologue (SDM1) of
the S. latifolia gene SLMI, would be responsible for the
S. dioica double-flowered phenotypes. SLM1 was identified
by homology to the Antirrhinum majus PLENA gene and
shows expression (Hardenack et al, 1994) consistent with
C-function MADS-box genes from other species such as
Arabidopsis thaliana (Yanofsky et al., 1990) and Antirrhinum
majus (Bradley et al., 1993). Mutation of SLM] would there-
fore be predicted to lead to a double-flowered phenotype.
SDMI and SLM1 cDNA sequences share over 99% nucleo-
tide identity (Supplementary Fig. S1), the encoded proteins
differ by only one amino-acid residue (Fig. 6B), and we have
no evidence from available genomic and RNA-Seq data for
additional C-function-like genes in S. dioica or S latifolia.
These observations, together with the identification of two
independent mutant alleles of SDM1 that are each associated
with the double-flowered mutant phenotype lead us to predict
that SDM1 is the locus responsible for the double-flowered
mutants. However, the sterility of these mutants precludes
classical genetic segregation or complementation analysis.

We were able to isolate cDNA sequences for SDM1 from
all four double-flowered mutants, which revealed that the
locus was still expressed. Non-quantitative PCR analysis
(Fig. 6A) revealed differences in PCR band intensity between
the mutants and wild-type and this could reflect differences in
transcript abundance. Analysis of cDNA sequences revealed
that all four double-flowered mutants of S. dioica carry muta-
tions within the SDM1 locus and we interpret this as the
potential cause of the double-flowered mutant phenotypes.
Sequence comparisons further reinforced the independent
origin of Firefly, which carries a unique allele with a 44bp
insertion in exon seven (Fig. 6A). Our data also demonstrated
that Flore Pleno, Rosea Plena and Thelma Kay all carry the
same 7 bp insertion into exon four (Fig. 6A) and this confirms

their common origin and the development of Rosea Plena as
a somatic variant of Flore Pleno.

The SDMI mutation in Flore Pleno, Rosea Plena and
Thelma Kay causes a frame-shift, which results in trunca-
tion of the encoded polypeptide within the K2 domain. The
MADS-box protein K domain is involved in protein-protein
interactions and heterodimer formation (Yang et al., 2003;
Yang and Jack, 2004; Kaufmann et al., 2005). This mutation
in SDM 1 would therefore be predicted to disrupt the ability
of SDMI to interact with partner proteins. The frame-shift
mutation in Firefly SDMI occurs near the start of the C
domain. The C domain has been shown to be involved in
stabilization of protein complex formation and transcrip-
tional activation (Cho et al, 1999; Egea-Cortines et al.,
1999; Honma and Goto, 2001; Pelaz et al., 2001). Again,
this mutation would be predicated to disrupt function of
the encoded protein. The Glu2-Asp2 substitution found in
Rosea Plena, as compared to wild-type and other mutants, is
within the MADS domain, which is involved in DNA bind-
ing specificity (Nurrish and Treisman, 1995; Riechmann
et al., 1996). This mutation is however not anticipated to
interfere with protein function as these two amino acids are
similar in structure and both contain negatively charged R
groups.

Comparison of the genomic sequences of SDM]I
(Supplementary Fig. S1) from Flore Pleno, Rosea Plena and
Thelma Kay allows for comparison of individual differences
between these varieties. When comparing the sequence of
SDM]I in Thelma Kay to that in Flore Pleno there are four
SNPs, but when comparing Thelma Kay to Rosea Plena there
are seven. The RAPD data (Fig. 5) shows that Thelma Kay
and Flore Pleno have matching profiles while Rosea Plena
occasionally differs. While it is not conclusive, our com-
parative analyses of SDM]I sequences therefore suggest that
Thelma Kay arose from Flore Pleno rather than from Rosea
Plena. A schematic model for the predicted origins of the four
double varieties is shown in Fig. 8.

When comparing the genomic sequence of SDM] in plants
that do not share a common origin, the large numbers of
accumulated SNPs and INDELs found are not unexpected
given the different geographical origins of the plants. Within
the three cultivars, Flore Pleno, Rosea Plena and Thelma
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Fig. 8. A model depicting the origins of the double-flowered varieties of
S. dioica. Labelled photographs of flowers indicate varieties and arrows

show descent based on genetic analysis. The date when the variety was
first recorded is shown.

Kay—which share a common origin—we identified SNPs at
eight positions; these changes must reflect somatic variation
that has accumulated since the reproductive isolation of the
locus ~400 years ago, and may also reflect chimeric differ-
ences within each plant. It is therefore possible that somatic
mutations either at the SDM1 locus, or other loci, are respon-
sible for the subtle differences in floral phenotypes, including
colour. These double-flowered varieties of S. dioica provide a
distinctive overview of phenotypic variation after 400 years
of asexual reproduction in plants sharing the same original
mutant allele.

The floral structure in Firefly is most similar to that pre-
dicted by the ABC model of flower development where sta-
mens are replaced by petals and the carpel by a second whorl
of sepals (Coen and Meyerowitz, 1991). As Firefly produces
an average of 33.3 (+1.5) petals (Table 1), mutation of SDM1
must also lead to an increase in organ primordia within
the flower and not just conversion as seen in other double-
flowered mutants of hermaphrodite species (Bowman et al.,
1989; Yanofsky et al., 1990; Bradley et al., 1993). The lower
number of petals when compared to the three female mutants
(Table 1) may reflect differences in the SDM1 alleles but it
is also possible that suppression of the central floral whorl
by the Y chromosome limits the number of organs that can
develop.

The presence of an inner whorl of sepals in Firefly suggests
that the B-function MADS genes are not active in this central
whorl while extended expression of B-function MADS-box
genes into the centre of the flower would be predicted to cre-
ate double flowers that produce repeated whorls of petals and
no central sepals (Davies et al., 1999), as found in the three
female varieties. Previous studies showed no expression of
B-function genes SLM?2 and SLM3 in the fourth whorl of
male S. latifolia flowers (Hardenack ez al., 1994). In contrast,
low-level expression of SLM?2 and SLM3 were detected in the
fourth whorl of female flowers (Hardenack ez al., 1994). It is
interesting to speculate that the floral phenotype of Firefly
may be directly linked to the male-specific pattern of expres-
sion of MADS-box genes due to the dioecious nature of the
species.

The possible causes of the difference in floral phenotypes
between the female varieties and Firefly also include the

difference in length of the truncated SDMI1 protein and the
genetic background. The presence of the complete SDM1 K
domain in Firefly may allow some residual function, particu-
larly in maintaining floral determinacy, although this would
have to be through protein-protein interactions rather than
modulating transcription because the K domain promotes
dimerization rather than transcriptional activity (Yang ez al.,
2003). While we cannot rule out the effect of either genetic
background or protein function, we speculate that the differ-
ence in phenotype between Firefly and the female mutants
could arise from the sex-specific differences in B-function
MADS-box gene expression.

The phenotype in the female varieties is similar to that
created by mutation of PLENA in Antirrhinum majus and
AGAMOUS in Arabidopsis thaliana, where there is conver-
sion of stamens to petals and the initiation of a new flower
in place of the fourth whorl, leading to further proliferation
of sepal tissue and multiple whorls of petals (Yanofsky ez al.,
1990; Bradley et al., 1993; Davies et al., 1999). The three female
varieties of S. dioica contain a similar proliferation of multiple
whorls of petals and, in Flore Pleno and Rosea Plena, the rings
of petaloid sepals could be seen to be equivalent to the reoc-
curring rings of sepals found in plena and agamous mutants
although the occurrence of these rings does not form a regular
repeat and sepal development is partial rather than being the
initiation of a distinct flower.

In Thelma Kay the two internal rings of petaloid sepals
have been lost (Fig. 4). Average petal number in Thelma
Kay is slightly higher but total organ number is very simi-
lar (Table 1) so the absence of the petaloid sepals may rep-
resent a transformation to petal tissue. Thelma Kay flowers
are closer to the phenotype seen in a plenalfarinelli double
mutant of Antirrhinum majus, which shows similar pro-
liferation of petals and loss of the intervening whorls of
sepals (Davies et al., 1999), and agamous supermanl/flo dou-
ble mutants in Arabidopsis thaliana (Schultz et al., 1991;
Bowman et al., 1992). SDM1 is the only C-function gene to
be identified so far in S. dioica, but it is possible that an addi-
tional somatic mutation at a different locus of similar func-
tion to FARINELLI (Davies et al., 1999) or SUPERMAN
(Bowman et al., 1992; Schultz et al., 1991) is the cause of
changes to floral phenotype in Thelma Kay.

In the 4th Century Bc Theophrastus commented on the
existence of roses with 100 petals (Hort, 1980). Whatever the
basis for the changes that underpin the differences between
Thelma Kay and its progenitor Flore Pleno, it is certainly a
match for Theophrastus’ roses in terms of petal number.

Supplementary data

Supplementary data can be found at JXB online.
Supplementary Fig. S1. Multiple sequence alignment
of SDMI genomic DNA from different double-flowered
varieties.
Supplementary Table SI1. Petal and sepal counts, mean
values and standard errors for individual flowers of double-
flowered mutants.
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