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e Background and Aims The evolution of seeds together with the mechanisms related to their dispersal into the en-
vironment represented a turning point in the evolution of plants. Seeds are produced by gymnosperms and angios-
perms but only the latter have an ovary to be transformed into a fruit. Yet some gymnosperms produce fleshy
structures attractive to animals, thus behaving like fruits from a functional point of view. The aim of this work is
to increase our knowledge of possible mechanisms common to the development of both gymnosperm and angio-
sperm fruits.

e Methods B-sister genes from two gymnosperms (Ginkgo biloba and Taxus baccata) were isolated and studied.
The Ginkgo gene was also functionally characterized by ectopically expressing it in tobacco.

e Key Results In Ginkgo the fleshy structure derives from the outer seed integument and the B-sister gene is involved
in its growth. In Taxus the fleshy structure is formed de novo as an outgrowth of the ovule peduncle, and the B-sister
gene is not involved in this growth. In transgenic tobacco the Ginkgo gene has a positive role in tissue growth and
confirms its importance in ovule/seed development.

e Conclusions This study suggests that B-sister genes have a main function in ovule/seed development and a subsid-
iary role in the formation of fleshy fruit-like structures when the latter have an ovular origin, as occurs in Ginkgo. Thus,
the ‘fruit function’ of B-sister genes is quite old, already being present in Gymnosperms as ancient as Ginkgoales, and
is also present in Angiosperms where a B-sister gene has been shown to be involved in the formation of the
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Arabidopsis fruit.
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INTRODUCTION

MADS-box genes are widespread in eukaryotes (Theissen et al.,
1996). However, they are especially important in higher plants
because the specification of the various floral components is
under the control of different types of MADS-box genes that
play homeotic roles in such a process (Ng and Yanofsky, 2001;
Krizek and Fletcher, 2005; Theissen et al., 2000). Various tens
of MADS-box genes can be found in the genome of the flowering
plants (i.e. Angiosperms), while at present a lesser number of the
same genes are present in Gymnosperms. In the latter plants the
formation of the male and female strobili follows a model that,
albeit simplified, is basically similar to the one operating in
Angiosperms (Theissen and Melzer, 2007; Wang et al., 2010).

A particular type of MADS-box gene, named B-sister, was
identified for the first time in the female cones of Gnetum
gnemon (Becker et al., 2002). Subsequently, B-sister genes
have been found and characterized also in some Angiosperms
such as Arabidopsis (Nesi et al., 2002), Petunia (de Folter
et al., 2006) and wheat (Yamada et al., 2009). In particular, in
Angiosperm species it has been shown that B-sister genes are im-
portant for correct differentiation of the ovule/seed (Nesi et al.,
2002; Kaufmann et al., 2005; de Folter et al., 2006; Yamada
et al., 2009; Mizzotti et al., 2012) but also for the formation of
the fruit in Arabidopsis (Prasad et al., 2010).

In fact, in Arabidopsis two different B-sister genes have been
identified and studied: TRANSPARENT TESTA 16 (TT16) and
GORDITA (GOA). In the case of TT16, Nesi et al. (2002) were
able to show that the protein encoded by this gene is necessary
for the correct development and pigmentation of the seed tegu-
ment. For GORDITA, the gene contributes to the early develop-
ment of the ovule outer integument but seems especially
important for the growth of fruits. In fact, in the loss-of-function
gordita mutant the fruit appeared larger than those of the wild-
type, while plants over-expressing this gene had smaller fruits
than the wild-type, a finding that led the authors to postulate a
role as a controller of fruit growth for GORDITA (Prasad et al.,
2010; Prasad and Ambrose, 2010).

The GORDITA gene was also studied by other researchers who
were able to demonstrate that it represents a recent duplication, and
also that this duplication seems to be restricted to the Brassicaceae
family of higher plants (Erdmann et al., 2010). GORDITA is not
the only MADS-box gene involved in the development of fruits.
For instance, C-class and SEPALLATA genes have also been
demonstrated to play fundamental roles, particularly in the case
of fleshy fruits. With regard to the latter, data are available relating
to the development and ripening of fruits in tomato (Itkin et al.,
2009; Vrebalov et al., 2009), peach (Tadiello ef al., 2009), oil
palm (Tranbarger et al., 2011), strawberry (Seymour et al.,
2011), bilberry (Jaakola et al., 2010) and others.
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As fruit proper derive from an ovary following a fertilization
event, their development is normally studied in Angiosperms,
the sole flower-producing plants. However, besides being
the first taxon in which a B-sister gene was discovered,
Gymnosperms represent an interesting group for the study of
fruit evolution because in some species the seeds are accompan-
ied by fleshy structures that may favour their dispersal through
endozoochory, thus behaving like ‘fruits’ from a functional
point of view. In particular, the Gymnosperm species Ginkgo
biloba and Taxus baccata represent two different and interesting
experimental models because the fleshy fruit-like structures pro-
duced by them have a different anatomical origin. In Ginkgo it is
the outermost seed integument (sarcotesta) that grows and
becomes fleshy, while in yew the fleshy aril that almost complete-
ly encloses the seed is formed de novo by an outgrowth of the
peduncle at the basis of the ovule (Lovisetto ef al., 2012).

In these two species it has recently been shown that various
MADS-box genes belonging to similar subgroups are involved
in the development of the fruit-like structures that surround
their seeds (Lovisetto et al., 2012). The involvement of a
common regulatory gene network in the development of fruit-
like structures with different anatomical origin, in two species
that are also quite distant from a phylogenetic point of view,
made this finding of particular interest. As related MADS-box
genes are known to be involved also in the development of the
fleshy fruit of Angiosperms, the existence of a common molecu-
lar mechanism underlying the formation of the fleshy fruit habit
was postulated, at least as far as the studied MADS-box genes are
concerned (Lovisetto ef al., 2012).

In the present work we have investigated the presence of
B-sister genes in the female reproductive structures of
G. biloba and T. baccata. A B-sister gene has been evidenced
in the ovules of both species, although only in Ginkgo does this
gene appear to be particularly involved in the development of
the fleshy fruit-like structure that surrounds the seed. The pos-
sible role played by the Gymnosperm B-sister genes in fruit
growth has also been studied by means of over-expression
experiments in tobacco plants. Given its involvement in the
growth of the fruit-like structure, the sole B-sister gene from
Ginkgo has been used. Interestingly, the involvement of this
gene in the growth of the fruit has been confirmed also in tobacco.

METHODS
Plant material and RNA extraction

The Gymnosperm plant material came from the Botanic Garden
of Padua. In yew the aril develops as a collar at the base of the
ovule, which then becomes visible as a green leafy structure
which grows thick and fleshy and starts gradually to develop a
reddish colour (Supplementary Data Fig. S1). In Ginkgo initial
samples consisted of whole ovules, and the fleshy sarcotesta
could then be analysed separately at various development
stages as indicated by dates in the figures, and a characterization
of the various samples is shown in Supplementary Data Fig. S2.
Total RNA was extracted from different tissues according to
Chang et al. (1993). For each tissue the extraction was made
using a pool of samples and was repeated at least twice. RNA
yield and purity were checked by means of UV absorption
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spectra, whereas RNA integrity was ascertained by electrophor-
esis in agarose gel.

c¢DNA isolation, sequencing, phylogenetic analysis
and protein analysis

Taxus baccata B-sister cDNA (TbBS) was obtained by
RT-PCR using primers constructed following alignment of
known sequences (Supplementary Data Table S1) and the tem-
plate consisted of RNA extracted from young ovules. After
amplifications, the fragments were cloned into a vector and
then sequenced. DNA sequencing was performed at BMR
Genomics (Padua). Sequence manipulations, analyses and align-
ments were performed using the ‘Lasergene’ software package
(DNASTAR). The sequence was submitted to GenBank (acces-
sion number JX564539).

A Ginkgo biloba B-sister cDNA (GBM 10) was identified from
the GenBank nucleotide database (accession no. AB029472) with
blastn alignments using GGM13 (accession no. AJ132219) as
query.

To construct a phylogenetic tree, a set of MADS-box protein
sequences downloaded from GenBank plus the sequences
studied in this work was used. The GenBank accession numbers
are: JX564539 (Taxus baccata TbBS); AJ132219 (Gnetum
gnemon GGM13); AB029472 (Ginkgo biloba GBMI0);
AB035567 (Chara  globularis CgMADS1); AF335242
(Petunia x ibrida FBP24); AJ307056 (Anthirrinum majus
DEFH21); NM_203094 (Arabidopsis thaliana AGL32/ABS);
NM_001198191  (Arabidopsis thaliana GORDITA/GOA/
AGL63); AJ271208 (Zea mays ZMMI17). The tree was con-
structed using the ‘MIK domain’, i.e. the MADS domain (60
amino acids) plus most of the I and K domains (90 amino acids)
similarly to Winter ez al. (1999), Becker and Theissen (2003)
and Melzer et al. (2010). The amino acid sequences were
aligned with the MUSCLE program and the obtained alignments
were used to construct the tree with the MEGAS program. The tree
was constructed with the neighbour-joining method (Saitou and
Nei, 1987) and evaluated by bootstrap analysis.

To compare the probability to form coiled-coils in the K
domain, Taxus baccata TbBS, Ginkgo biloba GBMIO0,
Arabidopsis thaliana TT16/ABS (accession no. NM_203094)
and Arabidopsis thaliana GOA/AGL63 (accession no.
NM_001198191) sequences were analysed. The Pfam database
was used to identify the K domains (Punta et al., 2012); the data-
base was available on line at http:/pfam.sanger.ac.uk/ and these
domains were used for coiled-coil prediction with the COILS
program (Lupas et al., 1991) available on line at http:/
www.ch.embnet.org/software/COILS_form.html.

Analysis of gene expression

This analysis was performed by standard real time PCR. Six
micrograms of total RNA was pre-treated with 2 U of DNase I
(Promega). The first-strand cDNA was synthesized from 3 g
of the DNase I-treated RNA by means of the High-Capacity
cDNA Archive Kit (Applied Biosystems, Foster City, CA,
USA), using random hexamers as primers. The internal stan-
dards consisted of internal transcribed spacer (ITS) sequences
specific for each species. Primers used for this analysis are avail-
able in Supplementary Data Table S1. PCR was carried out with
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the Gene Amp 7500 Sequence Detection System (Applied
Biosystems). The obtained Ct values were analysed by means
of the Q-gene software by averaging three independently calcu-
lated normalized expression values for each sample. Expression
values are given as the mean of the normalized expression values
of the triplicates, calculated according to equation 2 of the
Q-gene software (Muller et al., 2002).

Microscopy and in situ hybridization analysis

Tobacco leaves and fruits were observed without any treat-
ment under low-pressure conditions by means of environmental
scanning electron microscopy (ESEM) at the CUGAS facilities
(University of Padua).

For histological analysis and for in sifu hybridization, the
samples were fixed with 2 % formaldehyde and 0-25 % gluthar-
aldehyde in PBS buffer (pH 7-5). Clearing, infiltration, embed-
ding and sectioning were performed according to Drews
(1998). Paraffin was removed by washing twice with xylene.
For histological observation the sections were stained with 0-1
% toluidine blue in water and extensively washed.

For in situ hybridization, pre-hybridization treatments and
post-hybridization washes were performed according to Drews
(1998), with minor modifications. PCR fragments of C domain
were isolated, cloned and checked by sequencing. The primers
used for the PCR are listed in Supplementary Data Table S2.
The PCR products were cloned and the sequence validated.
The digoxigenin (DIG)-labelled RNA sense and antisense
probes were synthesized with the DIG RNA labelling Kit SP6/
T7 (Roche Diagnostics, Germany), the immunological detection
was performed with the anti-Digoxigenin-AP-Fab fragments
antibody (Roche Diagnostics), and the SIGMA FAST BCIP/
NBT tablets (Sigma, St Louis, MO, USA) were used as phosphat-
ase substrate, all according to the manufacturers’ instructions.

Transformation of tobacco

The ginkgo GBM10 cDNA was cloned into the pBin-AR
vector (Hoefgen and Willmitzer, 1988). The resulting binary
plasmid was inserted in Agrobacterium tumefaciens (strain
LBA4404) cells that were used to transform tobacco according
to Fisher and Guiltinan (1995). Kanamycin-resistant plants
have been confirmed for the presence of the transgene by
means of PCR.
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RESULTS

cDNAs coding for B-sister transcription factors were obtained
for both Ginkgo and yew although with different approaches.
By considering that these genes are important for ovule forma-
tion (Becker et al., 2002; Nesi et al., 2002; de Folter et al.,
2006), in the case of yew RNA extracted from young ovules
was used as starting material to clone a cDNA that was named
TbBS (Taxus baccata B-sister). Regarding Ginkgo, many
sequences coding for MADS-box genes are present in public
databases so an in silico search was made and a B-sister encoding
full-length cDNA (GBM10) was singled out.

The two sequences were used together with other known
Gymnosperm and Angiosperm B-sister sequences to construct
a phylogenetic tree (Fig. 1). As expected, the Gymnosperm
B-sister sequences formed a separate clade while, within the
Angiosperm sequences, the monocotyledonous maize appeared
separated from the dicotyledonous species.

In very young ovules, expression of the two genes was ana-
lysed by in situ hybridization experiments. As soon as the struc-
tures destined to become fleshy could be isolated, gene
expression was analysed by real-time PCR.

In the young reproductive structures of yew, when the ring-
shaped aril primordium was just detectable as a very reduced
structure protruding from the basal part of the ovule, the
B-sister gene was weakly and uniformly expressed throughout
the whole ovule, in the emerging aril primordium and in the
distal portion of the peduncle (Fig. 2A, B). A similar weak and
uniform expression level was detectable later in development,
when at the base of the young ovule the growing aril primordium
was more clearly visible (Fig. 2D). In Ginkgo a much stronger
B-sister expression was detectable in the young ovules and in
the distal part of the receptacle (Fig. 2F); a strong level of expres-
sion was maintained throughout the ovule also in later stages of
development, when a layered organization of the integument had
clearly developed, and both the inner and the outer integuments
could be distinguished (Fig. 2H).

Real-time PCR analyses showed that no transcripts of the
B-sister genes could be detected in either leaves or male strobili
of both Ginkgo and yew, while expression of the gene was
observed in whole ovules of both species (Fig. 3A, B), thus con-
firming the in situ hybridization data. However, in Ginkgo the
GBM10 gene was generally expressed at much higher levels
than in yew and continued to be expressed during growth of the
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Fi1G. 1. Phylogenetic tree showing the relationships between Gymnosperm and Angiosperm B-sister genes. Gymnosperm sequences form a group while Angiosperm
sequences show a separation between monocotyledons and dicotyledons.
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F1G. 2. Expression of B-sister analysed by in situ hybridization in young Taxus

baccata (A-E) and Ginkgo biloba (F-1) female reproductive structures. S, sense

probe; «, antisense probe; oi, outer integument; ii, inner integument. Asterisks:
young aril primordium.

fleshy fruit-like structure. In particular, in the pulp separated
from the developing stone the transcript level increased steadily
to a maximum in the 23/5 sample where it reached levels of ex-
pression about fourfold greater than those present in the young
ovules, and gradually decreased afterwards so that in the 4/8
sample they were almost undetectable, and no signal was
visible in the ripening pulp (Fig. 3A).

Asregards yew, the expression was analysed in arils at increas-
ing stages of growth, two of them still occurring below the ovule
bracts and four being visible outside the bracts and ranging from
green leafy arils (LA3) to the fleshy red ripe arils. In both the very
young arils masked by the ovule bracts (LA1 and LA2, Fig. 3B )
and in all the subsequent stages of aril development the 7hBS
transcripts were undetectable.

From the expression data it appeared that only the Ginkgo
B-sister gene was significantly involved in the growth of the fruit-
like structure. Therefore, the role of the sole Ginkgo B-sister gene
was further appraised by over-expressing it in tobacco. The trans-
formation experiments yielded 25 clones that were checked by
PCR for the presence of the transgene (data not shown).
Twelve transgenic clones were further grown in pots until flower-
ing.

The most evident phenotype was a reduction in size of the
transgenic seedlings compared with wild-type seedlings
(Fig. 4A) and, in a few cases, also a loss of apical dominance
with growth of lateral branches was observed (not shown).
Transgenic leaves were generally smaller than wild-type leaves
and, in a few cases, they also had a curled appearance (Fig. 4B,
C). The epidermal cells of the small transgenic leaves were
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F1G. 3. Relative expression profiles of G. biloba (A) and T. baccata (B) B-sister
MADS-box genes. Ginkgo biloba samples: YL, young leaf; ', male strobili; @,
young ovules; 8/5, 15/5,23/5,6/6,17/7,4/8, 3/9, sampling dates (2010 season) of
pulps at different developmental stages. Taxus baccata samples: YL, young leaf;
" male strobili; Q youngovules; LA1,LA2,LLA3, leafy arils at different stages of
development; FA, fleshy green arils; B1, breaker-1 arils; B2, breaker-2 arils; R,
red ripe arils. Values (means of the normalized expression) have been obtained
by real-time PCR analyses. Bars are the standard deviations from the means.

examined by means of ESEM and they appeared to be much
larger than the corresponding wild-type cells (Fig. 4D, E).

The transgenic plants started to flower at a very reduced size
(Fig. 4G, F), although the flowers had no apparent macroscopic
defect in the transgenic seedlings. Anthers and ovaries of both
transgenic and wild-type mature flowers were analysed by light
microscopy using the same enlargement. To analyse flowers at
comparable developmental stages, only flowers whose anthers
contained young pollen grains and a largely degenerated
tapetum were analysed (Fig. 5C, F). The anthers of the B-sister
over-expressing flowers had pollen sacs whose enclosure
looked much thicker than the corresponding wild-type one
(Fig. 5A, D). The increased thickness appeared to be due
mainly to the presence of radially enlarged cells, while no appar-
ent difference was detectable in the number of cell layers (from
three to four in the outer portion of the anthers; Fig. 5B, E).
Furthermore, because all the analysed flowers were at compar-
able stages of development (stage 3—4 according to Koltunov
et al., 1990), it was of particular interest that in the transgenic
young ovaries the ovules appeared much larger than the corre-
sponding wild-type ovules (Fig. 5G-I, J-L).
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F1G. 4. Phenotypic analysis of 35S::GBM10 plants and comparison with wild-types seedlings. In (A) both wild-type (WT) and 35S::GBM 10 plants of the same age
are shown. Details of wild-type (F) and transgenic (G) shoot apices. In (B) and (C) leaves from the same internode of WT and 35S::GBM10 plants at the same age are
visible. Panels (D, transgenic) and (E, WT) show ESEM images of leaf adaxial surfaces (scale bar 100 pwm for both images).

GbMADS10
A B C

wt
D E F

GbMADS10
G H I
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Fi1G.5. Anthers (A—F)and ovaries (G—L) from tobacco plants overexpressing GBM 10 (A—C, G-I) and from wild-type plants (D—F,J-L). Scale bars: (A, D, G,J) =
400 pm; (B, E, H, K) =200 pwm; (C, F, I, L) = 100 pm.

Macroscopic anomalies started to become evident during sub- a wrinkled surface compared with wild-type seedlings
sequent development of the fruit. In particular, the very short (Fig. 6A, D). These fruits were apparently unable to bear seeds
transgenic seedlings yielded fruits that were very small and had and appeared empty at maturity (Fig. 6E). An ESEM analysis
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F

Fi1c. 6. Phenotypic analyses of 35S::GBM10 fruits. In (A), (B), (D) and (E) different stages of fruit development of wild-type (A, B) and 35S::GBM10 (D, E) tobacco
plants are shown. Panels (C) and (F) are two ESEM images showing ovules from wild-type (C) and 35S::GBM10 (F) tobacco plants (scale bar = 1 mm).

revealed massive abortion, as judged by the numerous remnants
of undeveloped ovules/seeds compared with the wild-type
(Fig. 6F and 6C, respectively).

To understand whether the reduced fertility was due to defects
in either the male or the female parts, cross-pollination experi-
ments were carried out between transgenic and wild-type seed-
lings. Moreover, the viability of the transgenic pollen was
assayed as indicated by Rodriguez-Riano and Dafni (2000),
Khatum and Flowers (1995) and Norton (1996). For this, about
65 % of the transgenic pollen appeared viable compared with
the 90 % of the wild-type pollen (Supplementary Data Fig. S3)
so the transgenic flowers had more than enough viable pollen
for fertilization of the ovules. As regards the cross-pollination
experiments, in both cases they yielded fruits of quasi normal
size that contained comparable amounts of seeds (Fig. 7A)
whose dimensions were comparable to those of the wild-type
seeds (Fig. 7B). The vitality of the above seeds was assayed by
germination experiments: we found 80 % germination in the
case of seeds derived by a cross between wild-type pollen and
transgenic pistils (Fig. 8A, B), while 88 % germination was
obtained for seeds derived as a result of crosses between trans-
genic pollen and wild-type pistils (Fig. 8C, D).

DISCUSSION

Thanks to the development of the seed, Spermatophytes (i.e. seed
plants) experienced great evolutionary success because this new
structure increased enormously their capacity to spread to new
habitats (Taylor et al., 2009). Given its importance, the process
of seed dispersal went through a series of specializations
aimed at improving its efficiency. Thus, a series of structures
evolved, the pinnacle today being the differentiation of the
Angiosperm typical fruit.

Among the various Angiosperm fruits, the fleshy fruits repre-
sent a specialized typology because, by being sought by frugiv-
orous animals, they exploit the animals’ mobility to have their
seeds dispersed over great distances through the animal faeces.

Fleshy structures that attract frugivorous animals and behave
like fruits from a functional point of view are actually present
also in various Gymnosperm species, and the existence of a
common molecular regulatory network, formed by a number
of MADS-box genes, has recently been shown to be active
during the differentiation and ripening of fleshy structures in
both Gymnosperms and Angiosperms (Lovisetto et al., 2012).

In Arabidopsis the ABS/TT16 MADS-box gene participates in
correct development of the seed (Nesi et al., 2002). This gene
belongs to the B-sister group and in Arabidopsis a second
copy, named GORDITA, has recently been identified that
seems to be present in the sole Brassicaceae family. GORDITA
has been postulated to have acquired de novo a ‘fruit’ function
(Erdmann et al., 2010) while ABS/TT16 seems to have main-
tained the ‘seed’ function (Nesi ef al., 2002). Given that, apart
from the Brassicaceae, one copy of B-sister is present both in
Gymnosperms and in Angiosperms, which general function
might be ascribed to this common gene?

As regards the two Gymnosperm species studied here, the
gene is not expressed in either leaves or male strobili while it is
expressed in young ovules, thus confirming the ovule specificity
of the B-sister genes (Becker et al., 2002; de Folter et al., 2006).
In particular, in Ginkgo in situ hybridization analysis has shown
that expression tends to increase at the level of the inner integu-
ment, i.e. the tissue that will later become the sclerotesta and will
thus have an important role in protection of the future embryo.
Note that in Arabidopsis the ABS/TTI16 gene is especially
expressed in the innermost layer of the internal integument,
known as the endothelium (Mizzotti et al., 2012). Thus, it
appears that the ovule/seed function of the B-sister genes is
very ancient and has been maintained in the course of plant evo-
lution. Also in yew the B-sister gene is expressed at the level of
ovule and integument, further confirming the role played by
these genes in the development of seeds.

In the case of GORDITA, Erdmann et al. (2010) showed that
the gene represents a recent duplication and concluded that its
“fruit’ function represents a neo-functionalization that is likewise
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Fi1G. 7. Seeds obtained from cross-pollination experiments. The table in (A)

shows the average number of seeds per fruit. For each cross, the seeds of five dif-

ferent capsules were counted. The values are given with the standard deviation.

Seeds obtained from the various cross-pollination experiments are shown in
(B). Scale bar = 1000 pm.
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A C

B D

Fic. 8. Germination experiments. (A, B) Germinating seeds obtained from

cross-pollination using wild-type pollen to hand-pollinated transgenic pistils.

(C, D) Germinating seeds obtained from cross-pollination using transgenic
pollen to hand-pollinated wild-type pistils (scale bar = 5 mm).

recent. The expression data of B-sister in yew appear in agree-
ment with the above idea as the gene transcripts are practically
undetectable in the fruit-like aril throughout its growth.

The situation in the more ancient Ginkgo is quite different
where, besides being generally present at much higher levels
than in yew, the GBM 0 gene transcripts show an increase that
parallels the increase in size of the pulp, with levels of expression
in the fast growing fleshy structure becoming about four-fold
greater than those present in the whole young ovules. Thus, the
pattern of increasing expression indicates clearly that in
Ginkgo the B-sister gene must play a role in the growth of the
fleshy tissue surrounding the seed. The results of the ectopic ex-
pression of this gene in tobacco confirms that it is involved in the
formation of fruits, and that its role is a positive one.

The over-expression of GORDITA in Arabidopsis led to the
production of smaller seedlings, siliques and leaves. In particu-
lar, the epidermal cells of these leaves were smaller than the wild-
type leaves, and therefore the hypothesis was made that
GORDITA negatively controls growth, and this was in agreement
with the larger siliques produced by the loss-of-function gordita
mutant (Prasad et al., 2010).

Similarly to what observed in Arabidopsis, in tobacco the
plants over-expressing the Ginkgo B-sister gene were shorter
and yielded fruits that were smaller than those of the wild-type,
and had leaves with reduced size. However, in this case, the
smaller leaf size accompanied epidermal cells that were much
larger than the corresponding wild-type cells. Moreover, larger
cells were found also at the level of the tissue enclosing the
pollen sacs, and transgenic young ovules in flowers at compar-
able stages of development (stage 3—4 according to Koltunov
et al., 1990) also appeared much larger than the corresponding
wild-type ovules. The latter findings are in contrast to those in
Arabidopsis for GORDITA, and we have no explanation for
this discrepancy. However, given the increasing gene expression
that accompanies the growth of the Ginkgo fruit-like structure, it
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appears that the B-sister gene may play a positive role in fruit de-
velopment. The wrinkled appearance of the small capsules
observed in the transgenic tobacco might be the consequence
of the massive ovule/seed abortion that would thus be unable
to support normal growth of the fruit.

It appears that the Ginkgo B-sister gene must have character-
istics differentiating it from GORDITA in spite of their
common involvement in the formation of fruits. This idea
seems to be supported by the fact that in a few cases the
tobacco plants over-expressing the Ginkgo GBM10 gene pro-
duced curly leaves, a characteristic that was found in
Arabidopsis over-expressing ABS/TT16, the other B-sister gene
of this species.

In contrast to wild-type fruits that at maturity appeared packed
with seeds, the small and wrinkled tobacco capsules appeared
empty. ESEM analysis showed that in the capsules of the trans-
genic plants the apparently empty area was actually full of
aborted ovules still attached to the placenta. Hence, over-
expression of the Ginkgo GBM 10 gene appears to have had a
dramatic effect on the development of ovules/seeds.

The Arabidopsis B-sister (ABS/TT16) loss-of-function mutant
yielded seeds that were normally viable, albeit with defects in the
production of tegumental pro-anthocyanidins (Nesi et al., 2002;
Mizzotti et al., 2012). By contrast, the double mutant seedstick/
abs showed a dramatic decrease in the amount of viable seeds
produced. This indicated that the interaction between the two
MADS-box genes SEEDSTICK and ABS/TT16 is necessary for
correct seed development (Mizzotti ef al., 2012).

Kaufmann et al. (2005) obtained high levels of infertility in
Arabidopsis plants over-expressing the ABS/TT16 gene. Also,
de Folter et al. (2006) obtained a dramatic reduction in the
number of seeds in Petunia, but in this case the reduction was
obtained through silencing of the B-sister (FBP24) gene, prob-
ably by a co-suppression effect. Finally, Deng er al. (2012)
found that by silencing the ABS/TT16 gene in Brassica napus
through RNA interference, the transgenic plants produced
shorter siliques with fewer seeds, and the latter result was
ascribed to defects in pollen tube guidance. In tobacco, the
observed infertility cannot be explained in terms of problems
with pollen tube guidance because in our cross-pollination
experiments both types of pollination yielded comparable seed
production and germinability. Whatever the method used, it
appears that a disequilibrium in the dosage of B-sister products
may lead to a decrease in fertility.

In Arabidopsis (Kaufmann ef al., 2005) and in Petunia (de Folter
et al., 2006) it has been shown that the B-sister proteins can make
higher-order complexes with MADS-box proteins belonging to
other classes: Bs-D-E and Bs-C-E. Moreover, by means of
FRET-SLIM analyses, it has been shown in Petunia that the
complex Bs-D-E occurs in planta (Nougalli Tonaco et al.,
2006). Kaufmann et al. (2005) have suggested a model to
explain the defects observed by them in Arabidopsis seedlings
over-expressing the ABS/TT16 gene. This model is based on the
possibility of the B-sister proteins making higher-order complexes
with other MADS-box proteins, and implies that modifications of
the B-sister gene expression may lead to modifications of ‘dosage-
and affinity-dependent titration of the protein complexes’ involved
in the development of floral organs (Kaufmann et al., 2005).

Lovisetto et al. — Gymnosperm B-sister genes

As MADS-box genes belonging to C-, D- and E-class are
expressed in young ovules and during seed formation
(Colombo et al., 1995; Ferrario et al., 2003; Pinyopich et al.,
2003; de Folter et al., 20006), it may be hypothesized that any
changes in the levels of the B-sister gene transcripts, either by
over-expression or by silencing, may disrupt the ability to cor-
rectly form the higher-order complexes necessary for the devel-
opment of ovule to seed, and this might explain the reduced
fertility observed in tobacco plants over-expressing the Ginkgo
B-sister gene following auto-pollination but not in the case of
cross-pollination in which one of the parents is a wild-type plant.

The results of the over-expression experiments indicate that
the Ginkgo B-sister gene includes characteristics that in
Arabidopsis are divided between ABS/TT16 and GORDITA. In
particular, GORDITA plays a role in the development of the
seed outer integument (Prasad et al., 2010) and in Ginkgo the
gene is involved in the formation of the fruit-like structure that
is a modified seed outer integument. Ginkgoales are very
ancient plants (Zhou, 2009) and therefore it is plausible that
the Ginkgo B-sister gene may represent a more ancestral form
than the Arabidopsis ones, and accordingly the separation of
function observed in Arabidopsis might represents a process of
sub-functionalization.

Erdmann ez al. (2010) identified interesting characteristics that
differentiated ABS/TT16 from GORDITA. In its K-domain the
ABS/TT16 protein presents the three characteristic strings of
heptads (named K1, K2 and K3) that are probably involved in
the formation of the coiled coils necessary for interactions with
other MADS-box proteins (Fan et al., 1997; Yang and Jack,
2004). By contrast, in the K-domain of the GORDITA protein
only one (K1) is present with high probability to form coiled
coils. The same analysis performed by us on the K-domain of
the B-sister proteins of Ginkgo and yew showed that both proteins
contain the three sequences K1, K2 and K3 with high probabil-
ities of forming the coiled coils that are characteristics of ABS/
TT16 (Supplementary Data Fig. S4). This finding confirms that
in Arabidopsis ABS/TT16 represents the more ancient gene
form, while GORDITA is a recent duplication, as suggested by
Erdmann et al. (2010).

Recently, Lovisetto er al. (2012) showed that in G. biloba and
T. baccata, two Gymnosperm species that produce fleshy fruit-
like structures with different anatomical origins, MADS-box
genes of the same types were involved in their development. In
the present work it has been shown that, besides the above
common molecular networks, particular situations can be
found that might be linked to the anatomical specificity of the
tissues that will become fleshy. In Ginkgo, where it is the outer
ovule integument that becomes fleshy, the ovule-specific
B-sister gene participates in the growth of the fleshy fruit-like
structure that surrounds the seed. By contrast, in yew, where
the aril is formed de novo at the base of the ovule as an outgrowth
of the peduncle, the ovule-specific B-sister gene does not seem to
be particularly involved in the development of the fleshy aril.
Therefore, the primordial gymnosperm B-sister gene appears
to be ovule-specific and seems to have both a general ‘ovule/
seed’ function and a more particular ‘fruit’ function, the latter
limited to those cases where the ‘fruit’ represents a modified
part of the ovule as occurs in Ginkgo.
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SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour-
nals.org and consist of the following. Figure S1: images of Taxus
baccata samples used in this work. Figure S2: characterization of
the various Ginkgo samples used in this work. Table S1: list of
primers used in this work. Table S2: primers, vectors and
enzymes used to prepare the probes for the in sifu hybridization
analysis. Figure S3: pollen viability assay. Figure S4: K-domain
analysis of Arabidopsis thaliana transparent testa 16, Ginkgo
biloba B-sister, Taxus baccata B-sister and Arabidopsis thaliana
GORDITA.
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