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a b s t r a c t

To further understand flowering and flower organ formation in the monocot crop saffron crocus (Crocus
sativus L.), we cloned four MIKCc type II MADS-box cDNA sequences of the E-class SEPALLATA3 (SEP3)
subfamily designated CsatSEP3a/b/c/c as as well as the three respective genomic sequences. Sequence
analysis showed that cDNA sequences of CsatSEP3 c and c as are the products of alternative splicing
of the CsatSEP3c gene. Bioinformatics analysis with putative orthologous sequences from various plant
species suggested that all four cDNA sequences encode for SEP3-like proteins with characteristic motifs
and amino acids, and highlighted intriguing sequence features. Phylogenetically, the isolated sequences
were closest to the SEP3-like genes from monocots such as Asparagus virgatus, Oryza sativa, Zea mays,
and the dicot Arabidopsis SEP3 gene. All four isolated C. sativus sequences were strongly expressed in
flowers and in all flower organs: whorl1 tepals, whorl2 tepals, stamens and carpels, but not in leaves.
Expression of CsatSEP3a/b/c/c as cDNAs was compared in wild-type and mutant flowers. Expression of
the isolatedCsatSEP3-like genes in whorl1 tepals together with E-class CsatAP1/FUL subfamily and B-class
CsatAP3 and CsatPI subfamilies of genes, fits the ABCE “quartet model,” an extended form of the original
ABC model proposed to explain the homeotic transformation of whorl1 sepals into whorl1 tepals in Liliales
and Asparagales plants such as C. sativus. This conclusion was also supported by the interaction of the
CsatSEP3b protein with CsatAP1/FUL and CsatAP3 proteins. In contrast, expression of both B-class CsatAP3

and CsatPI genes and the C-class CsatAGAMOUS genes together with E-class CsatSEP3-like genes in carpels,
without any phenotypic effects on carpels, raises questions about the role of these gene classes in carpel
formation in this non-grass monocot and requires further experimentation. Finally, taking advantage of
the size and sequence differences in amplified genomic sequences of the triploid C. sativus and comparing
them with the respective sequences from C. tomasii, C. hadriaticus and C. cartwrightianus, three putative
wild-type diploid progenitor species, we examined the origin of CsatSEP3a sequence.
ntroduction
Please cite this article in press as: Tsaftaris A, et al. The study of the E-clas
of cultivated saffron crocus (Crocus sativus L.) and its putative progenitors.

Most angiosperm flowers contain four distinct organ types, from
he outside to the inside, namely: sepals in whorl1, petals in whorl2,
tamens in whorl3, and carpels in whorl4. Depending upon the
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taxa, this model can be adapted, placing species-specific homol-
ogous organs in each whorl. For example, plants such as orchids,
roses, asparagus, maize, crocus (among many others) have var-
ied and distinctive flowers. A common departure from the typical
flower, observed in several monocots including saffron crocus (Cro-
cus sativus L.), is that there is no clear distinction between sepals
and petals, and the petaloid organs in whorls 1 and 2 are therefore
referred to as tepals (Bowman, 1997).

C. sativus is a monocot triploid sterile species belonging to the
Iridaceae family of Asparagales, whose whorl4 red stigmatic styles
s SEPALLATA3-like MADS-box genes in wild-type and mutant flowers
J Plant Physiol (2011), doi:10.1016/j.jplph.2011.03.015

constitute saffron, a commercially very important popular food
additive with delicate aroma and attractive color, also used for
coloring and medical purposes. The flower of saffron is bisexual.
The perianth consists of six petaloid tepals in whorls 1 and 2. The

dx.doi.org/10.1016/j.jplph.2011.03.015
dx.doi.org/10.1016/j.jplph.2011.03.015
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:tsaft@certh.gr
dx.doi.org/10.1016/j.jplph.2011.03.015
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ndroecium consists of three distinct stamens in whorl3 and the
ynoecium consists of a single compound pistil with three stigmas
n whorl4. Several phenotypic flower mutants have been described,
uch as flowers with varying numbers of styles and stamens, as well
s plants with double or even triple flowers, indicative perhaps
f indeterminate inflorescences in this mutant phenotype (Grilli
aiola et al., 2004).

C. sativus blooms only once a year during mid-November and is
arvested by hand. After wind separation of tepals, the red stigmas
re separated from the yellow stamens by hand. Consequently, the
ultivation of this crop for its flowers, and specifically for its stig-
as, is very labor-intensive, leading to high costs (Tsaftaris et al.,

004, 2007). Thus, understanding flower development in crocus
ould help us not only to decode tepal formation in this monocot,
ut also reveal ways to increase yield and lower production costs.

The characteristics of the different floral organs during flower
evelopment are determined by actions of floral organ identity
enes. The proposed eudicot Arabidopsis- and snapdragon-based
odel envisioned the action of flower-specific genes, belonging to

hree distinct functions termed A, B and C (hence the name of the
riginal “ABC” model), where A-function genes alone could deter-
ine sepals, A+B function genes determine petals, B+C function

enes determine stamens, and C-function genes alone determine
arpels (Coen and Meyerowitz, 1991). Parallel studies found that,
ith the exception of the APETALA2 of A-function, all genes respon-

ible for the A, B, and C functions involved in flower development
elong to a large family of MADS-box transcription factors, which
pecify flowering time, floral meristem identity and space-time
egulation of flower organ formation (Jack, 2001, 2004; Theissen,
001; Immink and Angenent, 2002).

Expression of ABC genes throughout a plant does not transform
eaves into floral organs and thus, the ABC functions, though nec-
ssary, are not sufficient to superimpose floral organ identity on a
eaf development program (Theissen and Saedler, 2001).

An additional class of MADS-box genes identified later, the E-
unction SEPALLATA (SEP) genes of Arabidopsis, provide redundant
ontrol over the ABC system. SEP genes constitute one of the three
hylogenetically determined clades of the E-superclade genes (the
ther two are the AP1/SQUA/FUL-like and the AGL6-like clades)
Becker and Theissen, 2003). Of these three subfamilies of E-class
enes, only the AGL6-like subfamily of genes has been found in gym-
osperms. SEP MADS-box genes are present in all angiosperms, but
ot in gymnosperms, and are required for the regulation of flo-
al meristem determinacy and the specification of flower organs
Rijpkema et al., 2009).

The three different SEP genes in Arabidopsis (SEP1, SEP2 and
EP3) that were identified through their sequence similarity to AGA-
OUS (AG) (Ma et al., 1991; Mandel and Yanofsky, 1998), when

xpressed together with the ABC genes, are sufficient for speci-
cation of petals, stamens and carpels. The ectopic expression of
EP3, together with BC genes, may turn leaves into floral organs
Honma and Goto, 2001). SEP1/2/3 are still expressed in B- and
-function loss-of-function mutants, and the initial expression pat-
erns of B- and C-function genes are not altered in the sep1/2/3
riple mutant, indicating that SEP1/2/3 do not act downstream of
uch genes and are not required for their initial activation (Pelaz
t al., 2000). Moreover, SEP4, a fourth SEP-like gene discovered in
rabidopsis, is probably still expressed in these triple mutants and
eems sufficient to confer the sepal-like structure; in quadruple
epl/2/3/4 mutants, leaf-like structures replace flowers (Ditta et al.,
004).

Thus, SEP genes comprise a separate E-class subfamily of flo-
Please cite this article in press as: Tsaftaris A, et al. The study of the E-clas
of cultivated saffron crocus (Crocus sativus L.) and its putative progenitors.

al homeotic genes that provide an additional layer of function by
ncoding proteins forming higher-order complexes together with
-, B-, or C-class transcription factors, several of which are suffi-
ient to transform leaves into floral organs (Honma and Goto, 2001).
 PRESS
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These findings led to the suggestion of a protein-based combinato-
rial “floral quartet model” that could explain how the different floral
organ identity genes interact at the molecular level (Theissen, 2001;
Theissen and Saedler, 2001; Melzer et al., 2009). More specifically,
the ABCE model postulates that sepals are specified by A-function
protein (AP1/SQUA) activity together with E-function, petals by
A+B+E, stamens by B+C+E, and carpels by C+E (Goto et al., 2001;
Theissen, 2001; Theissen and Saedler, 2001). Thus, E-function activ-
ity, and consequently, SEP gene expression, is required for the
formation of whorl1, 2, 3 and 4 organs. It should be noted that,
for the ABC model, the A-function genes AP1 or SQUA in Arabidop-
sis and snapdragon, respectively, together with FRU, constitute a
clade of the E-superclade or class of genes; the other two clades of
the E-family are the SEP-like and the AGL6-like subfamilies (Shan
et al., 2009; Melzer et al., 2010).

Recently, Immink et al. (2009), using yeast three-hybrid and
fluorescent techniques to study MADS-box protein interactions,
showed strong indications that higher-order complex formation
is a general and essential molecular mechanism for plant MADS-
box protein functionality. The authors describe SEP proteins and
SEP3 in particular as the “glue” protein for higher-order complexes
and flower organ formation. SEP3, in addition to flower organ
formation and flower organ identity, was also recently found to
regulate flowering (Dornelas et al., 2010) and flower organ growth
(Kaufmann et al., 2009). Genes involved in organ size are targets
of SEP3 complexes. Two recent, parallel studies from the group of
Theissen using in vitro assays demonstrated that homotetramers
of Arabidopsis SEP3 are sufficient to loop DNA by binding to two
neighboring CArG elements and that SEP3 forms stronger floral-
quartet-like structure with the B-class proteins AP3 and PI than the
structure formed by AP3 and PI themselves (Melzer and Theissen,
2009; Melzer et al., 2009).

SEP-like genes in grasses showing relatively heterogeneous
expression patterns strongly suggest that they are also het-
erogeneous in function (Becker and Theissen, 2003). In maize,
for example, numerous SEP3-like genes with distinguishable
expression patterns that have been suggested to be involved in
determining the alternative identity of spikelet primordial, the
upper versus the lower floret within each spikelet primordium,
or conferring determinacy to the spikelet or upper floret meris-
tem have been described (Cacharron et al., 1999; Theissen et al.,
2000; Theissen, 2001). Similar observations have been reported for
rice plants in which OSMADS1, the putative ortholog of the maize
ZMM8, plays an important role in floral meristem determination
during the early development of rice florets (Agrawal et al., 2005;
Cui et al., 2010; Gao et al., 2010; Kobayashi et al., 2010). Two SEP1-
like (or AGL2-like) MADS-box genes, named LMADS3 and LMADS4
from lily (Lilium longiflorum), with extensive homology of LMADS3
to the Arabidopsis SEPALLATA3, were expressed in the inflorescence
meristem and in floral buds of different developmental stages.
LMADS4 mRNA is also expressed in vegetative leaf and in the inflo-
rescence stem, where LMADS3 expression is absent (Tzeng et al.,
2003).

Previous results from our group with saffron crocus have indi-
cated that expression of B-class paleo AP3-like genes (CsatAP3-like)
is extended in whorl1 and may be important for the homeotic trans-
formation of whorl1 sepals into tepals in this species (Tsaftaris et al.,
2006) similarly to other monocot species (Kanno et al., 2003). We
have also demonstrated the presence of PI-like genes in C. sativus
(CsatPI/GLO-like), also in all four whorls of the flower, including
whorl1 tepals (Kalivas et al., 2007). Among MADS-box genes, we
also studied the CsatAP1/FUL-like genes, one of the three subfami-
s SEPALLATA3-like MADS-box genes in wild-type and mutant flowers
J Plant Physiol (2011), doi:10.1016/j.jplph.2011.03.015

lies of the E-superclade of MADS box genes of C. sativus. Three such
CsatAP1/FUL-like genes were cloned and characterized. All three
genes are expressed not only in all flower organs, as found for
other AP1/FUL/SQUA members in other plant species, but they were

dx.doi.org/10.1016/j.jplph.2011.03.015
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xpressed in crocus leaves, too (Tsaftaris et al., 2004). CsatAP1/FUL
enes were the only MADS-box genes to be expressed in the leaves
rom all the MADS-box genes examined till now in this species.

Here, extending our studies with crocus MADS-box genes, we
eport the isolation and characterization of SEP3-like genes, the
econd subfamily of the E-superclade MADS-box genes designated
satSEP3-like genes. Four SEP3-like cDNAs corresponding to three

solated genomic sequences were isolated, characterized and their
xpression was studied. We also detected interaction between
satSEP3-like protein described here and two other MADS-box pro-
eins, CsatAP1/FRU (Tsaftaris et al., 2004) and CsatAP3 (Tsaftaris
t al., 2006) that could explain the formation of tetramers between
UL-SEP3-AP3/PI in whorl1 and whorl2 tepals. Finally, the expres-
ion of all four CsatSEP3 sequences was compared in wild-type
nd a double flower, as well as in a stamenless flower mutant.
aking advantage of size and sequence differences in isolated
enomic sequences of CsatSEP3a, we examined the presence of
ach genomic region in the three putative diploid progenitors of
. sativus, namely: C. cartwrightianus, C. tomasii and C. hadriaticus,
o obtain more evidence for the origin of the three genomes in the
ultivated triploid crocus, C. sativus (Grilli Caiola et al., 2004).

aterials and methods

lant material

Crocus sativus field-growing plants were collected from Kozani,
reece. Tissues from wild-type saffron and two mutant plants

ound in the field, one lacking stamens and one with double the
umber of flower organs (tepals, stamens, carpels) were collected.
ampling took place during the late flowering season in October.
issues were separated and immediately frozen in liquid nitrogen
nd stored at −80 ◦C until use. Tissues from C. cartwrightianus Herb.,
nd C. hadriaticus Herb., subsp. hadriaticus were collected from
he CROCUSBANK project database (http://www.crocusbank.org/).
enomic DNA from C. tomasii Ten. was kindly provided by Dr. Ole
eberg.

NA isolation and cDNA synthesis

Total RNA from flowers and leaves were extracted using Tri-
ol reagent (Invitrogen) following the manufacturer’s instructions.
irst-strand cDNA synthesis was performed with 200 U SuperScript
I-RT (Invitrogen) in a 20 �l reaction volume containing a pool
f 5 �g total RNA from flowers and leaves (2.5 �g each), 0.5 �g
dT-Adaptor primer (5′-TGACTAATGAATGTGGTAATGA(T)18-3′) 5′

hosphate (synthesized at VBC-genomics, Austria), 0.5 mM dNTPs,
× first strand buffer (Invitrogen) and 10 mM DTT (Invitrogen). The
eactions were incubated for 50 min at 42 ◦C followed by 15 min at
0 ◦C to inactivate the RT. After the addition of 2 units of RNAseH
Invitrogen) the reactions were incubated for 20 min at 37 ◦C. The
eactions were purified using the QIAquick PCR purification kit
Qiagen).

olling-cycle amplification-RACE (RCA-RACE) of cDNAs

Circularization followed with rolling circle amplification-RACE
RCA-RACE) of C. sativus cDNA was performed as has been previ-
usly described (Polidoros et al., 2006). Briefly, after circularization,
he reactions were purified using the QIAquick PCR purification
it (Qiagen). Rolling circle amplification reactions were performed
n 50 �l volume containing 1/6 (5 �l) of the circularized cDNA,
Please cite this article in press as: Tsaftaris A, et al. The study of the E-clas
of cultivated saffron crocus (Crocus sativus L.) and its putative progenitors.

mM dNTPs, 200 �g/ml BSA (NEB), 1× phi29 DNA Polymerase reac-
ion buffer (NEB), 10 u phi29 DNA Polymerase (NEB) and 1 �M
SFInF primer (5′-TTCATTAGTCAG-3′), with two PTO linkages on

he 3′-end (custom synthesized at VBC-genomics). The reactions
 PRESS
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were incubated for 1 h at 30 ◦C followed by the addition of 1 �M
NSFInvR (5′-TGTGGTAATGAT-3′) and further incubated for 1 h at
30 ◦C. Finally heat inactivation was performed for 10 min at 60 ◦C.

For the direct cloning approach with RCA-RACE using degen-
erate inward primers, where the forward primer extends versus
the 3′ end and the reverse primer extends versus the 5′ end,
a 1 �l aliquot of a 1/10 dilution of the rolling circle amplifi-
cation reaction was used for the PCR reactions. The reactions
were performed in 50 �l volume containing 0.2 mM dNTPs, 1 U
DyNAzyme II DNA polymerase (Finnzymes), 0.4 �M MADS-2F
degenerate primer (5′-GTKCTYTGYGAYGCYGAGGT-3′) designed
from the conserved amino acid sequence VLCDAEV in the
sense orientation, and either 0.4 �M MADS5R degenerate primer
(5′-AAYGTNACYTGNCGRTTDAT-3′) designed from the conserved
amino acid sequence INRQVTF in antisense orientation or 0.4 �M
MADS6R degenerate primer (5′-CGRTTDATYTTRTTYTCDAT-3′)
designed from the conserved amino acid sequence IENKINR in anti-
sense orientation. The cycling conditions were: 3 min at 94 ◦C, 40
cycles of 45 s at 94 ◦C, 45 s at 50 ◦C, 1.5 min at 72 ◦C and a final
extension step of 10 min at 72 ◦C.

For the second approach, degenerate outward primers were
used. In this case, the Forward primer extends versus the 5′

end and Reverse primer extends versus the 3′ end. In order to
isolate the family of SEPALLATA like genes, one (1) �l of the
RCA-RACE library from crocus, prepared with the InVUP primer
as described in a previous paper (Polidoros et al., 2006), was
used as template for inverse PCR, under the same conditions as
above. Specifically, we used primers MADS-2F and MADSPromR
degenerate primer (5′-CTTVSAGWAGGTSACYTG-3′) corresponding
to the conserved amino acid sequence QVTFSK in antisense orien-
tation. Several PCR products ranging from 900 bp to 1300 bp were
excised from an agarose gel, ligated into pCR 2.1-TOPO vector using
the PCR II-TOPO TA cloning kit (Invitrogen) and transformed in
DH5a competent cells. Several individual clones were screened
for the presence of an insert and sequenced. Finally based on
the sequence information obtained from the isolated sequences,
gene-specific primers were designed and used for PCR reactions
to complete the small missing parts (39–57 nucleotides between
the two outward-oriented primers) and obtain the full length cod-
ing sequence of the genes. Having as template 1/30 of the single
stranded cDNA used in the RCA-RACE experiment, the reactions
also contained 0.2 mM dNTPs, 1 U DyNAzyme II DNA polymerase
(Finnzymes) and 0.4 �M of the corresponding primers. The cycling
conditions were: 2 min at 94 ◦C, 35 cycles of 45 s at 94 ◦C, 30 s at
54 ◦C, 1.5 min at 72 ◦C and a final extension step of 10 min at 72 ◦C.
The primers used were: Sep3-F (5′-AATAAATTGGGCTCTCAGAA-3′)
and Sep3-2R (5′-ATCGAAGGGCTGATAATTAACC-3′) for amplifying
CsatSEP3a, Contig3F (5′-TTCTAGAGAGAGAAATTAGGTAGT-3′) and
Contig3R (5′-ATGTTCTTTTGATCGATTTGGGAC-3′), for amplifying
CsatSEP3b and Contig5/6F (5′-GAAGGAGAGAAATCGTTGGTAATT-
3′) and Contig5/6R (5′-GCAAGTAACCAAGAGCAAATCACT-3′) for
amplifying CsatSEP3c and CsatSEP3c as. A single PCR product from
each primer pair was cloned as above. Several individual clones
were screened for the presence of an insert and sequenced (Macro-
gen, Korea).

Isolation of genomic sequences

Genomic DNA was isolated from leaves using a modified CTAB-
based protocol (Li et al., 2001). For amplification of the C. sativus
SEP3 genes, specific primers were designed based on the infor-
mation gained from the isolated cDNAs. PCR amplification was
s SEPALLATA3-like MADS-box genes in wild-type and mutant flowers
J Plant Physiol (2011), doi:10.1016/j.jplph.2011.03.015

performed using 0.1 �g genomic DNA as template, 200 nM primers
each, 1 mM dNTPs and 1 unit DyNAzymeII polymerase (Finnzymes,
Espoo, Finland) in 50 �l total volume reaction. PCR conditions were
94 ◦C for 3 min, 35 cycles of 94 ◦C for 30 s, 58 ◦C for 30 s, 72 ◦C

dx.doi.org/10.1016/j.jplph.2011.03.015
http://www.crocusbank.org/
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SEP3c/d genomic
SEP3c
SEP3c_as

CAGGAGCACATGCTCTGTGAATCCAATAAGAGCCTCCGCAAAAAGGTATCAAGATTGTGA 60
CAGGAGCACATGCTCTGTGAATCCAATAAGAGCCTCCGCAAAAAG---------~-~~~~ 45
CAGGAGCACATGCTCTGTGAATCCAATAAGAGCCTCCGCAAAAAG~~~~~~~~~~~~~~~ 45

ACCCTTGATAAATTTCGTCGTTAATCGTTATGTTCATTGATGCATATATCATGTATCAAA 120
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 45
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 45

GTTTATTTTGATCATTTTTAATGCACAGGTAATTTGCTTAGTAGATGCTTATTTATTTAT 180
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 45
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 45

TTATCTAATCTTGCACTACCACTTGACACCAATTATAACGATGGTCGGGAAGTCTCCTTT 240
~~~~~~~~~~-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 45
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~TCTCCTTT 53

TATGCAGCTGGAAGAGAGCAATCAAGCTTGGGAGTCCAATGCCAATCCACTAGGTTACGG 300
~~~----CTGGAAGAGAGCAATCAAGCTTGGGAGTCCAATGCCAATCCACTAGGTTACGG 98
TATGCAGCTGGAAGAGAGCAATCAAGCTTGGGAGTCCAATGCCAATCCACTAGGTTACGG 113

SEP3c/d genomic
SEP3c
SEP3c_as

SEP3c/d genomic
SEP3c
SEP3c_as

SEP3c/d genomic
SEP3c
SEP3c_as

SEP3c/d genomic
SEP3c
SEP3c_as
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ig. 1. (A) Genomic organization of the SEP3 isolated genes. Exons are presented w
DNA sequences and the corresponding codifying genomic sequence (SEP3c/d geno

or 2 min and a final extension period at 72 ◦C for 10 min. The
CR products were separated on a 1% agarose gel and cloned into
he pCR 2.1-TOPO vector using the TOPO TA cloning Kit (Invitro-
en, Carlsbad, CA, USA) according to the manufacturer’s protocol.
ive individual clones for each CsatSEP3a, CsatSEP3b, CsatSEP3c and
satSEP3c as were sequenced. The same set of primers and PCR con-
itions, used to isolate the three genomic sequences corresponding
o the last four exons and introns from C. sativus, were used to
mplify genomic sequences of the SEP3 genes from genomic DNA
solated from C. cartwrightianus, C. tomasii, and C. hadriaticus subsp.
adriaticus. Genomic sequences for SEP3A like genes were cloned
s described and three individual clones were sequenced from each
rocus species. Sequencing was performed by MACROGEN (Korea)
n a ABI3730 DNA analyzer.

ioinformatics analysis

We collected all Viridiplantae proteins from UniProt version
5.4 of 2009 with a statistically significant hit for the MADS-
ox domain (PF00319: SRF-type transcription factor (DNA-binding
nd dimerisation domain)) from the Pfam database (Finn et al.,
008). After sequence fragments were filtered out, the resulting
et was the subject of an all-against-all similarity detection step
Please cite this article in press as: Tsaftaris A, et al. The study of the E-clas
of cultivated saffron crocus (Crocus sativus L.) and its putative progenitors.

sing the BLAST algorithm (Altschul et al., 1997). We used the
idirectional best hit approach (Overbeek et al., 1999) to discover
utative orthologous proteins. We also asked for any orthologous
equence to be one of at least ten sequences with the MADS-box
hite boxes. Numbers indicate number of base pairs. (B) Alignment of SEP3c, SEP3d
Grey boxes indicate exonic sequences and triangles indicate the splicing sites.

domain from the corresponding monocot or dicot species, so that
we reduced the chance of best hits due to lack of sequence context.
We thus concatenated our C. sativus sequences and their puta-
tive orthologs, and the four SEP proteins of Arabidopsis and their
putative orthologs.

The multiple alignment of the sequence set described above was
created with version v6.713b (2009/09/24) of the MAFFT algorithm
[http://www.ncbi.nlm.nih.gov/pubmed/15661851] and the G-INS-
I global alignment strategy with a maximum of 1000 iterations,
edited and visualized with JalView version 2.6 (Waterhouse et al.,
2009). The phylogenetic tree was constructed with the Geneious
(trial/free version 5.3.3 – www.geneious.com) Tree Builder with the
Neighbor Joining method, the default Jukes-Cantor genetic distance
model, and bootstrap resampling with 1000 replicates and 50% sup-
port threshold. The resulting tree was edited and visualized with
FigTree version 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).

The multi-RELIEF algorithm (Ye et al., 2008) was used on the
resulting alignment, with 100 iterations and sample size of 10, and
useful alignment positions with scores equal or greater than 0.8
(arbitrary threshold based on manual observations) were selected.

Expression analysis
s SEPALLATA3-like MADS-box genes in wild-type and mutant flowers
J Plant Physiol (2011), doi:10.1016/j.jplph.2011.03.015

The expression analysis of the isolated genes was performed
with RT-PCR. Total RNA from leaves, flowers, whorl1 tepals, whorl2
tepals, stamens, and carpels of a mutant flower lacking stamens
and a double flower, were extracted using the RNeasy plant mini kit

dx.doi.org/10.1016/j.jplph.2011.03.015
http://www.ncbi.nlm.nih.gov/pubmed/15661851
http://www.geneious.com/
http://tree.bio.ed.ac.uk/software/figtree/
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Fig. 2. Multiple alignment and phylogenetic tree of the four crocus SEP3-like proteins, Arabidopsis SEP1, SEP2, SEP3, and SEP4 and selected orthologs of monocot and dicot
plant species from the UniProt database. Highlighted on the alignment with dark grey are the regions of the MADS-box domain (9–59), and the three subdomains of the K-box
(K1: 99–119; K2: 132–146; K3: 154–194). Informative residues identified with the multi-RELIEF algorithm are highlighted in red, while two highly conserved leucines of the
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XhoI. The digestion products were resolved in an agarose gel and
the inserts were extracted, purified, and ligated to the pGilda
1–K2 interhelical region are highlighted in green. The bottom feature line plots th
ree shows the SEP3-like branch in black and the SEP1/SEP2/SEP4-like branch in gre

Qiagen). On-column digestion of DNA during RNA purification was
erformed using the RNase-Free DNase Set (Qiagen). One (1) �g of
otal RNA from each sample was used in a reverse transcription
eactions containing 200 U SuperScript II-RT, 0.5 �g NdT-Adaptor
rimer, 0.5 mM dNTPs, 1× first strand buffer and 10 mM DTT in a
0 �l reaction volume. The reactions were incubated for 50 min at
2 ◦C followed by 15 min at 70 ◦C to inactivate the RT. PCR was per-
ormed with a template of 1/20 of the sample cDNAs supplemented
ith 0.2 mM dNTPs,1 u DyNAzyme II DNA polymerase and 0.4 �M

f the corresponding primers. A control PCR having as template
0 ng genomic DNA from crocus was included for each primer pair.
uccessful cDNA synthesis was monitored by amplifying a frag-
ent of the actin-beta gene as described in Tsaftaris et al. (2006).

he primers used were: Sep3-F/Sep3-2R for CsatSEP3a (anneal-
ng at 50 ◦C), CsSEP3B-F (5′-CTTGAAAGACAACTTGATTCGTCG-
′)/Contig3R for CsatSEP3b (annealing at 56 ◦C), CsSEP3C-F (5′-
AGCCTCCGCAAAAAGCTGGAAG-3′)/CsSE3C/D-R (5′-GCAAGTAA-
CAAGAGCAAATCAC-3′) for CsatSEP3c (annealing at 58 ◦C) and
sCEP3D-F (5′-GAGCCTCCGCAAAAAGTCTCCTT-3′)/CsSE3C/D-R for
satSEP3c as (annealing at 58 ◦C). The cycling conditions were:
min at 94 ◦C, 35 cycles of 30 s at 94 ◦C, 45 s at annealing tempera-

ure, 45 s at 72 ◦C and a final extension step of 10 min at 72 ◦C. The
Please cite this article in press as: Tsaftaris A, et al. The study of the E-clas
of cultivated saffron crocus (Crocus sativus L.) and its putative progenitors.

CR products were separated on 2% agarose gels, where amplifica-
ion products of the expected size could be observed.
ensus percentage support, with the consensus itself underneath. The phylogenetic
centage support from the bootstrap resampling is shown on the branches.

Assessment of protein–protein interactions

To clone CsatAP3b (GenBank: AY948340), CsatSEP3b (Gen-
Bank: EU424138) and CsatAP1/FULc (GenBank: AY337930, also
indicated in database as KCAP1c) open reading frames the
5′CsatAP3b-EcoRI (5′-GAATTCATGGGGAGAGGAAGGATTGAG-3′)
and 3′CsatAP3b-XhoI (5′-CTGGAGTCATGCAAGACTCAGATCATG-3′)
primers were used in PCR amplifications so as to incorporate
restriction sites (5′EcoRI and 3′XhoI) that would enable the
in-frame expression as fusion proteins. For CsatAP1/FULc the
primers used were 5′CsatAP1/FULc-EcoRI (5′-GAA TTC ATG
GGA AGG GGT AGG GTA CAG-3′) and 3′CsatAP1/FULc-XhoI
(5′-CTCGAG CTATCCATTAACAGAGCGAAT-3′), and for CsatSEP3b
5′-CsatSEP3b-EcoRI (5′-GAATTCATGGGGAGAGGGAGAGTCGAG-3′)
and 3′-CsatCEP3b-XhoI (5′-CTCGAGTCATTGCAACCATCCAGGCAT-
3′). The PCR products were resolved in 1% agarose gel and the DNA
fragments were gel extracted, purified, cloned into the pCRII-TOPO
vector and sequenced. To subclone CsatAP3b, CsatSEP3b and Csa-
tAP1/FULc fragments into suitable plasmids, the pCRII plasmids
containing the inserts were restriction digested with EcoRI and
s SEPALLATA3-like MADS-box genes in wild-type and mutant flowers
J Plant Physiol (2011), doi:10.1016/j.jplph.2011.03.015

(Gal1p-LexA-MCS, cen ori, HIS3), pJG4-5 (Gal1p-B42AD-MCS,
2 � ori, TRP1) two-hybrid vectors. The CsatAP1/FULc insert was

dx.doi.org/10.1016/j.jplph.2011.03.015
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dditionally subcloned into the pYES-mycGST vector expressing a
yc tag-GST fusion protein in yeast.
The “bait” and “library” two hybrid constructs were co-

ransformed into the yeast reporter strain EGY48 (ura3 trp1 his3
LexA-operator-LEU2) by lithium acetate transformation. Trans-
ormants were selected in glucose complete media lacking histidine
nd tryptophan (CM-his, tryp). Assays for the suitability of “bait”
o test interactions were performed on galactose-raffinose com-
lete media lacking leucine (CM-leu) (Kilili et al., 2004). The library
pJG4-5) constructs were co-transformed with the pYESmycGST
r the pYESmycGST-CsatAP1/FULc construct and plated on glu-
ose complete media lacking uracil and tryptophan (CM-ura, trp).
usion protein expression was induced by transferring cells on
alactose-based media which specifically induced the expression of
he LexA, B42AD-HA, and GST fusion proteins. Protein expression
as assessed by resolving the yeast cell protein extracts by SDS-

AGE, western blotting and detection using antibodies recognizing
he LexA, Hemaglutinin (HA) and myc tag moieties.

For protein binding assays, yeast cells stably co-expressing the
ST fusion of CsatAP1/FULc or the GST together with the HA-fusions
f CsatSEP3b, CsatAP3b and CsatAP1/FULc were used to evaluate
he capacity of these proteins to form complexes between them.
he yeast protein OYE2 was used as a negative control. The well-
nown interaction between OYE2 and actin was used as positive
ontrol for the assay. Protein extracts from 50 ml cell cultures
rown to late log phase in galactose based medium were brought
o 1 ml volume in TBS-1% Triton X-100. In each tube 50 �l GSH-
garose were added and incubated at RT by constant mixing for
h. The GSH-agarose beads were washed extensively in TBS-Triton
-100 (>6×) by repeated centrifugations. At the end of washes

he pellets were mixed with 20 �l of 2× SDS-PAGE loading buffer,
he samples were denatured by boiling and the supernatants were
esolved in a 12% gel and transferred on membrane by western
lotting. Co-precipitating proteins were identified by probing the
embranes with antibody recognizing the HA epitope tag (Simons

nd Vander Jagt, 1981).

esults

solation of crocus SEP3-like cDNAs

Thirty individual clones obtained from cloning of MADS-
ox genes using RCA-RACE methods with inserts ranging from
00 bp to about 1300 bp were sequenced. After initial analysis,
our sequences were discarded because of PCR and circular-
zation artifacts. BLAST similarity searches revealed that 26
emaining clones showed homology to MADS-box genes from
ifferent plant species; these sequences were grouped to seven
istinct contigs using the combination of Phred/Phrap/Consed
oftware (http://www.phrap.org/). While differences were found
mong them, two were nearly identical except for a 15 bp inser-
ion/deletion (Fig. 1). Preliminary sequence analysis using BLAST
evealed that four of the seven contigs were similar to other E-class
EP genes, and more specifically, to SEP3-like MADS-box genes from
everal plant species (a finding later confirmed by detailed bioinfor-
atics described herein). Therefore, the four SEP3-like sequences

rom C. sativus were selected for further study.
To verify the four isolated cDNA sequences and complete

mall missing parts between inverse primers (see Materials and
ethods), gene-specific primers were designed and used in RT-

CR, as described in Materials and Methods section. All three
Please cite this article in press as: Tsaftaris A, et al. The study of the E-clas
of cultivated saffron crocus (Crocus sativus L.) and its putative progenitors.

rimer pairs produced single and clear RT-PCR products. Five
o six individual clones for each one of the four contigs were
equenced and analyzed. The sequences obtained together with the
equences of the original clones, generated with RCA-RACE, were
 PRESS
hysiology xxx (2011) xxx–xxx

reassembled to four different sequences that were termed Csat-
SEP3a, CsatSEP3b, CsatSEP3c and CsatSEP3c as (GenBank accession
numbers EU424137, EU424138, EU424139, EU424140, respec-
tively; UniProt accession numbers B3FTV4 CROSA, B3FTV5 CROSA,
B3FTV6 CROSA, B3FTV7 CROSA, respectively). It is worth noting
that part of the 3′ end of CsatSEP3c was identified in the recently
published partial collection of saffron stigma-specific 6,803 ESTs
(D’Agostino et al., 2007) under the cluster ID cr.saCl001179. The
other three sequences were not represented in that partial collec-
tion.

To assess whether the four isolated SEP3-like cDNAs corre-
sponds to four different genomic sequences, primers were used to
isolate part of their genomic sequences covering the regions where
differences among the cDNA sequences were found. Three differ-
ent genomic sequences were isolated, corresponding to CsatSEP3a,
CsatSEP3b and CsatSEP3c/c as containing the last four exons and
introns of the genes (Fig. 1A). Alignment between the four iso-
lated cDNAs and the three genomic sequences revealed that the
same genomic sequence encodes for the two CsatSEP3c and Csat-
SEPc as sequences differing in 15 bp as a result of an alternative
splicing, thus, “as” indicates alternative splicing (Fig. 1B). As also
shown in Fig. 1A, similar genomic organization was found for all
the isolated genes with two (CsatSEP3a and CsatSEP3b) presenting
higher similarity, whereas CsatSEP3c/c as was more distant.

Amino acid sequence and phylogenetic analysis

We collected 1895 sequences from the UniProt protein database
containing the MADS-box domain, as described in the Materials and
Methods. The Arabidopsis SEP3 protein (UniProt accession number:
O22456) was the top Arabidopsis hit for all four crocus proteins
with 69.26% identity to CsatSEP3a, 67.74% to CsatSEP3b, 67.35% to
CsatSEP3c, and 65.31% to CsatSEP3c as; the other three Arabidop-
sis SEPALLATA proteins SEP1 (UniProt: Q5XXN7), SEP2 (UniProt:
P29384), and SEP4 (UniProt: P29383) were consistently in the hit
list, with SEP4 furthest away.

Using BLAST-derived orthology information, we aligned our four
sequences with Arabidopsis SEP1–4, along with putative orthologs
from different monocot and dicot plant species (Sup. 1). As shown
in Fig. 2, the resulting alignment highlighted interesting features,
including the near-perfect conservation of the MADS-box domain
(alignment positions 9–60), along with high conservation of the
three subdomains of the K-box as described in (Yang and Jack, 2004)
(K1: 99–119; K2: 132–146; K3: 154–194). Also very highly con-
served are two hydrophobic leucines (alignment positions 124 and
126) in the K1–K2 interhelical region (Yang and Jack, 2004).

The SEP3-specific interacting arginine (R) at position 150 (Yang
and Jack, 2004) was found in all C. sativus SEP3-like sequences as
well as their putative orthologs, but was replaced by a lysine in the
majority of the Arabidopsis SEP1, SEP2, and SEP4 and their putative
orthologs. Other potential specificity-determining residues, as rec-
ognized by the multi-RELIEF algorithm, existed at position 80 with
a proline in all SEP3 orthologs compared to isoleucines, leucines,
methionines, valines and a glutamic acid in the rest, and at position
298 where the SEP3 orthologs had a leucine in the great majority of
cases, whereas the rest exclusively featured a (biochemically sim-
ilar) methionine. It should be noted that the significance of these
residues in these positions cannot be evaluated, but are mentioned
to support the placement of the C. sativus sequences in the SEP3
group (since they share the same residues in these positions with
the rest of the SEP3 orthologs – an interesting exception is the
s SEPALLATA3-like MADS-box genes in wild-type and mutant flowers
J Plant Physiol (2011), doi:10.1016/j.jplph.2011.03.015

phenylalanine at position 298 in CsatSEP3c and CsatSEP3c as), and
as potentially interesting features for further research.

As also shown in Fig. 2, the phylogenetic tree of putative
orthologs clearly places two Asparagus proteins (AOM1 in Asparagus

dx.doi.org/10.1016/j.jplph.2011.03.015
http://www.phrap.org/
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Fig. 3. (A) PCR products of SEP3a, SEP3b and SEP3c from C. cartwrithgianus (Cc), C.
tomasii (Ct), C. sativus (Cs) and C. hadriaticus (Ch) Arrows indicate the bands ampli-
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Fig. 4. PCR amplification products on cDNA from Leaves (L), Flowers (F), Whorl1

tope tag and to the GST protein under the control of the inducible
ed from C. sativus. (B) Phylogenetic tree of the isolated SEP3A sequences from the
utative progenitors of C. sativus.

fficinalis and MADS1 in Asparagus virgatus) as the closest putative
rtholog to all four predicted C. sativus SEP3-like protein sequences.

haracterization of the genomic sequences of C. sativus CsatSEP3a
nd its putative progenitors

Amplification of the CsatSEP3a genomic region from C. sativus
sing gene specific primers showed two bands of different size
esignated CsatSEP3a1 and CsatSEP3a2 (Fig. 3A), while only a sin-
le band was observed for CsatSEP3b and CsatSEP3c/c as (data not
hown). To identify the origin of the CsatSEP3a1 and CsatSEP3a2
solated sequences, we attempted to amplify SEP3a like genomic
equences from three putative progenitors of C. sativus namely C.
artwrightianus, C. tomasii and C. hadriaticus) (Seberg and Petersen,
009; Grilli Caiola et al., 2010). As shown in Fig. 3, based on size
ifferences, it is likely that the CsatSEP3a1 gene derived from C.
adriaticus and CsatSEP3a2 from C. tomasii. To obtain evidence for
he origin of CsatSEP3a1 and CsatSEP3a2, the two amplified bands
rom C. sativus and those from C. cartwrightianus, C. tomasii and
. hadriaticus were cloned and sequenced. Alignment of the two
satSEP3a genomic sequences from C. sativus and the three puta-
ive progenitors revealed higher similarity with C. tomasii and C.
adriaticus as expected. Interestingly, only one SEP3a cDNA was
solated from C. sativus (named CsatSEP3a1 Acc. EU424137) identi-
al in the coding region of the CsatSEP3a1 genomic sequence and
ore similar to the genomic sequence isolated from C. hadriaticus.

his observation suggests that only the CsatSEP3a1 gene, originated
rom C. hadriaticus, is expressed in C. sativus. Although these are
reliminary data, they indicate that it is likely that one of the C.
ativus triploid progenitors is C. hadriaticus, while C. tomasii could
e another, as shown in the phylogenetic tree in Fig. 3B.

xpression analysis

The expression patterns of the isolated SEP3-like genes were
ompared between different crocus organs by RT-PCR. As shown
n Fig. 4, the transcripts were mainly present in flowers and not
n leaves (although a weak amplification product for CsatSEP3b and
satSEP3c was observed in leaves). We also investigated expression
atterns in different flower organs. As also shown in Fig. 4, RT-PCR
Please cite this article in press as: Tsaftaris A, et al. The study of the E-clas
of cultivated saffron crocus (Crocus sativus L.) and its putative progenitors.

xperiments performed with cDNA synthesized from tepals, sta-
ens and carpels resulted in the identification of all four transcripts

n all mature flower organs.
tepals (W1), whorl2 Tepals (W2), Stamens (St) and Carpels (Ca) using the
CsatSEP3a-, b-, c-, c as and �-actin-gene specific primers. MW indicates the
�HindIII/�X174HaeIII molecular weight marker.

Due to its triploidy, cultivated C. sativus is a sterile perennial
species asexually propagated for thousands of years following its
domestication, and numerous mutants preserved in the fields have
been identified and described (Grilli Caiola et al., 2004). Among
them, indeterminate flower phenotypes with double (Fig. 5) or even
triple flowers have been found. Since the SEP gene has been found to
play a role in flowering and flower determinacy (Liu et al., 2009) in
addition to its role in flower organ formation according to the ABCE
model (Malcomber and Kellogg, 2004), the expression of all four
CsatSEP3-like transcripts was examined in one such mutant with
double flowers. As shown in Fig. 5, there were no expression dif-
ferences among the four SEP-like transcripts in WT and the double
flower (DF) mutant. Also, no differences were found when another
mutant (M), lacking the stamen part of the C. sativus flower, was
examined (Fig. 5), where according to the ABCE model, SEP like
proteins are expected to form tetrameric complexes together with
B-class CsatAP3/PI-like and C-class CsatAG-like proteins.

Evaluation of protein–protein interactions

To assess the capacity of the isolated CsatSEP3-like proteins
to interact with other MADS-box proteins isolated from crocus,
and therefore add further evidence to their characterization, we
selected CsatSEP3b along with previously published CsatAP3b and
CsatAP1/FULc to test on the “yeast two-hybrid” system and on a cell-
based GST-fusion co-precipitation approach. The three proteins
were expressed as fusions to the LexA protein and the B42AD-
HA (hemaglutinin tag) and were transformed singly and in pairs in
yeast reporter cells (Golemis et al., 2001). Unfortunately, the LexA
fusions of the MADS-box proteins exhibited a capacity to autoac-
tivate the LEU2 reporter, making the two-hybrid assay unsuitable
(data not shown). Thus, we subsequently employed a cell-based
direct co-precipitation assay based on GST fusions. The cDNA of
CsatAP1/FULc was expressed as the C-terminal fusion to a myc epi-
s SEPALLATA3-like MADS-box genes in wild-type and mutant flowers
J Plant Physiol (2011), doi:10.1016/j.jplph.2011.03.015

galactose promoter (Fig. 6A). The B42AD-HA fusions of CsatSEP3b,
CsatAP3b and CsatAP1/FULc and OYE2 (yeast Old Yellow Enzyme 2,
used as control (Odat et al., 2007) were stably co-expressed with

dx.doi.org/10.1016/j.jplph.2011.03.015
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ig. 5. Gene expression analysis with RT-PCR in carpels of wild-type (WT) flower, a
-, c-, c as gene specific primers. In the upper panel a WT, a DF and a M flower are p

ither the empty GST or the CsatAP1/FULc fusion. Yeast offers the
Please cite this article in press as: Tsaftaris A, et al. The study of the E-clas
of cultivated saffron crocus (Crocus sativus L.) and its putative progenitors.

dvantage in co-precipitation assays that plasmids are maintained
tably and proteins are consistently expressed in modest quanti-
ies compared to bacterially expressed GST fusions. Interactions

ig. 6. CsatAP1/FULc interacts specifically with CsatSEP3b and CsatAP3b. (A) Protein
xtracts from EGY48 yeast cells expressing the GST-CsatAP1/FULc fusion, the GST
nd the GST-OYE2 fusion were resolved in a 12% SDS-PAGE and transferred on a
VDF membrane. The proteins were detected using an antibody recognizing the
yc epitope tag. (B) Protein extracts from cells expressing GST, GST-CsatAP1/FULc or
ST-OYE2 in pairs with the B42AD-HA fusions of CsatSEP3b, CsatAP3b, CsatAP1/FULc,
YE2 and actin were used in co-precipitation assays. GSH agarose beads pulled down

he GST fusions. Co-precipitating protein complexes were resolved in 12% SDS-PAGE
nd transferred to membrane. Detection of bound proteins was done using an anti-
emaglutinin (HA) tag antibody.
nt (M) C. sativus flower with no stamens and a double flower (DF) using CsatSEP3a-,
ted.

take place within the intracellular environment of a eukaryotic
cell.

Protein extracts from cells expressing the various combinations
were incubated with glutathione (GSH) agarose beads, which bind
strongly to the GST component. Proteins that specifically bind to the
CsatAP1/FULc part of the GST fusion would co-precipitate and could
be detected using an HA antibody recognizing their N-terminal
fusion. The B42AD-HA fusion of the yeast protein OYE2 was used
as negative control, whereas the well-known interaction between
a GST-OYE2 and B42AD-HA-actin was used as positive control for
the assay.

As shown in Fig. 6B, GST-CsatAP1/FULc specifically co-
precipitated CsatSEP3b and CsatAP3b but did not appear to interact
significantly with itself to form a homodimer. As expected, GST
alone could not precipitate the two proteins and GST-CsatAP1/FULc
did not co-precipitate the unrelated OYE2 protein, confirming over-
all the specificity of the interactions observed.

Discussion

SEP-like genes play an important role in flower development,
encoding one member of the transcriptional regulatory complex
controlling flower organ formation (Immink et al., 2009).

In this work, we attempted to isolate SEP-like genes from C.
sativus. Despite our extensive efforts, the only SEP genes isolated
from crocus flowers were SEP3-like, as bioinformatics analysis
with putatively orthologous sequences strongly suggests. Indeed,
as shown Fig. 2, outside the promiscuous MADS-box domain, there
are conserved amino acids (e.g. the SEP3-specific arginine (R) at
position 147 of the alignment), but also intriguing differentiation.
Such sequence deviations are primarily found in CsatSEP3c and
s SEPALLATA3-like MADS-box genes in wild-type and mutant flowers
J Plant Physiol (2011), doi:10.1016/j.jplph.2011.03.015

CsatSEP3c as (see Results), which could indicate some form of sub-
functionalization, albeit not evident in our expression analysis in
different flower organs and mutant flowers. These differences in
the sequences can also be explained by the triploid genome of saf-

dx.doi.org/10.1016/j.jplph.2011.03.015
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ron crocus. C. sativus is triploid (2n = 3x = 24), generally assumed
o be of autotriploid or hybrid origin (Grilli Caiola et al., 2004,
010; Frizzi et al., 2007). Most researchers assume that one of
he C. sativus parents must have been C. cartwrightianus donat-
ng the 2n 2 × 8 = 16 chromosomes part of the genome, while
nother unknown diploid parent contributed the other 1n 1 × 8 = 8
hromosomes. But recently, the hypothesis, based on sequence
imilarities, that C. sativus is an allotriploid consisting of three
ifferent genomes, two perhaps of close similarity and a third
ne more distant, is becoming credible (Grilli Caiola, 2005; Grilli
aiola et al., 2010). For instance, in previous work from our group
Tsaftaris et al., 2004, 2006; Kalivas et al., 2007) with CsatAP1/FUL,
satAP3, CsatPI and CsatAG-like genes, three forms were frequently

solated. Two show very close similarity, presumably originat-
ng from C. cartwrightianus or C. tomasii, progenitors contributing

aybe the two more similar genomes and one more distantly
elated, presumably originated from the other progenitor species,
einforcing the idea that C. sativus is an alloploid species and
xplaining the presence of differences in the sequences of the iso-
ated SEP3-like genes. Experiments are underway in our and other
aboratories to clarify the progenitor species of the triploid culti-
ated C. sativus, and complement the preliminary results presented
n this paper, to better understand the origin of the different classes
f MADS-box genes in this crop and the origin of this crop itself.

Unlike the sequence and probably the functional conserva-
ion, the expression pattern of SEP-like transcripts differs between

onocots and eudicots. Within monocots, SEP-like genes have been
ost intensively studied in grasses, including the important cereals
aize and rice (Cui et al., 2010; Gao et al., 2010). Similarly to other
onocots, expression of the isolated SEP3-like genes of C. sativus
as detected in all four whorls of flower organs. This pattern of

xtended expression of E-class genes together with B-class genes
eported previously (Tsaftaris et al., 2004, 2006) is compatible with
epal formation in whorl1. Muscari armeniacum is another mem-
er of Asparagales that has petaloid organs in the outer two whorls
nd the expression of B-class genes extended to whorl1, similar to
affron crocus (Nakada et al., 2006). Thus, the extended expression
f B- and E-class genes in whorl1 fits the extended ABCE model
roposed to explain tepal formation in tulip and other nongrass
onocots such as C. sativus (van Tunen et al., 1993; Kanno et al.,

003, 2007). This is further supported by the co-precipitation of
satSEP3b and CsatAP3b proteins to form heterodimers with Csa-
AP1/FULc. This result is supported indirectly by our earlier findings
oncerning the expression of a C. sativus NAP-like gene, a member of
he plant specific NAC family transcription factor proteins (Kalivas
t al., 2010). It is known, for example, that heterodimers of AP3/PI
ADS-box transcriptional factors induce the expression of NAP-

ike genes by recognizing and binding on the CArG motifs present on
he NAP promoter sequences (Sablowski and Meyerowitz, 1998). In
he promoter sequence of CsatNAP-like, isolated and characterized
reviously from our group, two nearby putative CArG boxes were
ound, presumably targets of AP3/PI heterodimers that can induce
he expression on CsatNAP-like gene in whorl1, where CsatNAP was
ound to be expressed, indicating indirectly that a functional AP3/PI
rotein could be present in whorl1 tepals in C. sativus, too. Com-
ining this observation with the presence of CsatSEP3 transcripts

n the whorl1 and the protein–protein interaction experiments of
satSEP3b with CsatAP3 and CsatAP1/FULc presented in this paper
Fig. 6), we suggest that, in whorl1 of saffron crocus, the forma-
ion of the quartet protein complex between SEP3, AP3/PI and
P1/FUL is feasible. However, expression of genes like CsatAP3/PI,
satAP1/FUL and CsatSEP3 in whorl4 (as observed in C. sativus wild-
Please cite this article in press as: Tsaftaris A, et al. The study of the E-clas
of cultivated saffron crocus (Crocus sativus L.) and its putative progenitors.

ype and mutant flowers and other non-grass monocots), together
ith CsatAG-like MADS-box gene expression, is a result difficult to

xplain (Kanno et al., 2007). To further our understanding of saffron
rocus flower formation and particularly whorl4 carpel formation,
 PRESS
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it would therefore be interesting to examine MADS-box protein
accumulation and interaction of crocus B-, C- and E-class function
genes in whorl4.

In summary, four C. sativus SEP3-like cDNAs, transcribed from
three genes, were isolated, their sequences and phylogenetic rela-
tionships described, and their expression patterns and potential for
protein interactions with other C. sativus MADS-box proteins char-
acterized. All isolated cDNAs encode for proteins belonging to the
mixed eudicot–monocot SEP3 subclade of MADS-box proteins and
although there seems to be no reason for the absence of other cro-
cus SEP-like genes, these were the only such genes isolated after
extensive search with different methods. Overall, these data sug-
gest that the inferred role of the isolated E-class genes in C. sativus is
compatible with that of E-function MADS-box transcription factors.
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