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Abstract
For uncovering and understanding the molecular mechanisms controlling flower development in cultivated Crocus sativus and
particularly the transformation of sepals in outer whorl (whorl 1) tepals, we have cloned and characterized the expression of a
family of five PISTILLATA/GLOBOSA-like (PI/GLO-like) MADS-box genes expressed in the C. sativus flower.
The deduced amino acid sequences of the coded proteins indicated high homology with members of the MADS-box family

of transcription factors, and particularly with other members of the PI/GLO family of MADS-box proteins that control floral
organ identity. PI/GLO expression studies in cultivated C. sativus uncover the presence of PI/GLO transcripts not only in the
second and third whorls of flower organs as expected, but also in the outer whorl tepals that are the sepals in most typical
flowers. This heterotopic expression of both B-class genes: PI/GLO and AP3/DEF, known to form heterodimers for stamens
and petals (petaloid inner whor l–whorl 2-tepals inC. sativus), explains the homeotic transformation of sepals into outer whorl
tepals in this species.
Analysis of PI/GLO sequences from C. sativus for putative targets to known micro-RNAs (miRNAs) showed that the target

site for ath-miRNA167 found in Arabidopsis thaliana PI is not present in C. sativus, however, the PI/GLO sequences may be
regulated by an ath-miRNA163.
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Introduction

The discovery of the first MADS-box genes was

achieved with the use of genetic and molecular

analysis of floral homeotic mutants of Antirrhinum

majus andArabidopsis thaliana (Schwarz-Sommer et al.

1990; Yanofsky et al. 1990). These initial genetic

studies led to the proposal of the ABCmodel of flower

development (Coen and Meyerowitz 1991).

According to this model, flower organs arranged

in four homocentric whorls on the flower originate

as follows: sepals in the outmost whorl 1 from the

action of A-class MADS-box genes alone; petals in

whorl 2 from the combined action of A-class and

B-class MADS-box genes; stamens in whorl 3 from

the combined action of B-class and C-class MADS-

box genes; and finally carpels in the inner whorl

4 from the action of C-class MADS-box genes

alone.

In A. thaliana, class A MADS-box genes are

represented by APETALA1 (AP1) and APETALA2

(AP2), class B genes comprise APETALA3 (AP3)

and PISTILLATA (PI), with DEFICIENS (DEF) and

GLOBOSA (GLO) it is A. majus counterparts and

class C gene is AGAMOUS (AG) in A. thaliana. The

A-, B- and C-function genes encode MADS-domain

proteins, which share a conserved structural organiz-

ation, the MIKC-type domain structure (Theissen

et al. 1996, 2000; Ferrario et al. 2004).
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Themodel has been studied extensively for eudicots

plants, but monocots and particularly plants produ-

cing flowers with tepals or petaloid sepals require

further investigation (van Tunen et al. 1993; Kanno

et al 2003; Park et al. 2004).

The initial model was originally thought to be a

simple universal model for floral development, but

today, MADS box research is revealing a much more

detailed and complex picture. Whereas the original

ABC model was based largely on the analysis of flower

developmental mutants using classic forward-genetics

approaches, recent progress using reverse-genetics

strategies has revealed redundant functions that were

missed before (Pelaz et al. 2000). Likewise, recent

studies using protein–protein interactions were used

to elucidate complex interaction scheme than the

originally proposed heterodimer formation between

the B-function genes (Riechmann et al. 1996).

Combining these results has led to extensions of the

ABC model toward models with a higher complexity,

including a novel class of genes called identity-

mediating or E-function genes named SEPALLATA

(SEP) in A. thaliana required for B and C floral organ

identity functions (Egea-Cortines et al. 1999; Honma

and Goto 2001; Theissen and Saedler 2001).

Studying flower development is not only significant

for improving our understanding of basic mechanisms

involved in plant gene regulation of development,

flower initiation, and determination of organ identity

and growth, but could also have practical applications

for instance in crops cultivated for their flowers.Crocus

sativus is an example of such a crop with flowers of

economic importance. C. sativus is a monocot triploid

species, member of the large family Iridaceae, and is

considered to be the highest priced spice in the world.

Saffron, which is produced from the dried stigmas of

C. sativus, consists a popular food additive with

sweetish aromatic odor, bitter taste and attractive

color. Saffron has also medicinal properties and is

used in the cosmetic and the coloring industry. C.

sativus has been cultivated for almost 3.5 millennia

and its origin has been assigned to Greece as

supported by recent data (Grilli Caiola et al. 2004).

C. sativus is a perennial, herbaceous, with rosette

growth and has permanent underground stem bases

called corms, almost spherical with a diameter of 3–

5 cm. The flower of C. sativus is bisexual and sterile.

Perianth consists of 6 petaloid tepals in two whorls: 3

whorl 1-outer-tepals and 3 whorl 2-inner-tepals.

Androecium consists of 3 distinct stamens of yellow

color and the gynoecium consists of a single

compound pistil with: 3 carpels, a single three-

branched red style, and an inferior ovary. Several

phenotypic flower mutants have been described, such

as flowers with larger numbers of styles and stamens

(Grilli Caiola et al. 2004 and references therein), as

well as flowers without stamens (Tsaftaris et al. 2005,

see also this report). C. sativus blooms only once a year

and is hand harvested. After mechanical separation of

tepals, the carpels are hand separated from stamens

and dried. The size and the amount of individual

stigmas collected from each flower and the degree of

their separation from the yellow stamens influence the

total yield and quality of saffron. Approximately

150,000 flowers are needed for 1 kg of dried saffron

stigmatic threads; typically, one would need 2000m2

field area/kg of harvest, which equates 370–470 h of

work. Consequently, the cultivation of this crop for its

stigmas is very labor intensive leading to high costs

(Tsaftaris et al. 2004). Thus, understanding flower

development in C. sativus could reveal ways to

increase yield and lower production costs.

Towards this goal we have cloned, characterized

and studied the expression of three homologous

A-class APETALA1/FRUITFULL-like genes desig-

nated CsatAPla, b, c (Tsaftaris et al. 2004) and two

C-class AG-like differentially spliced genes designated

CsatAGa, b (Tsaftaris et al. 2005). Expression pattern

of the A-class C. sativus genes is not complying with

the classic ABC model as their transcripts are present

in all mature flower parts, whereas the two C-class

genes are expressed only in stamens and carpels as

expected by the model.

The study of B-class genes in C. sativus was

revealing for understanding the formation of tepals in

this and relative monocot species. Previous studies in

dicots species, including A. thaliana and A. majus,

have shown that B-class genes AP3/DEF and PI/GLO

are expressed in the developing petals and stamens

throughout the ontogeny of these organs. The gene

products function as heterodimers such that losses of

either AP3/DEF or their respective partners PI/GLO

causes homeotic replacement of petals by sepaloid

structures and of stamens by carpels (see Ferrario et al.

2004; Zahn et al. 2005 for recent reviews).

As mentioned above, one significant morphological

difference between dicot and monocot flowers of

species like C. sativus, Tulipa gesneriana and many lilies

(among others), is that instead of sepals in whorl 1 and

petals in whorl 2, have three whorl 1-outer-and three

whorl 2-inner-petaloid organs called tepals. For the

formation of tepals in T. gesneriana van Tunen et al.

(1993) proposed that B-class gene expression in

Liliaceae is not restricted to whorls 2 and 3 but is

extended to whorl 1, which could explain the natural

homeotic transformation of sepals into petals. This

model was experimentally supported in T. gesneriana

(Kanno et al 2003), in Phalaenopsis equestris (Tsai et al.

2004, 2005) and in Agapanthus praecox (Nakamura

et al. 2005). In a recent study Tsaftaris et al. (2006)

described the cloning and characterization of two

AP3-like designated CsatAP3a and CsatAP3b. Their

phylogenetic analysis indicated that they both belong

to the paleoAP3 clade of the B-type MADS-box gene

family and found that their expression is extended to

whorl. Preliminary expression data, after cloning a

Heterotopic expression of B-class floral homeotic genes PISTILLATA/GLOBOSA 121



small piece of a PI/GLO like sequence from C. sativus

indicated that a PI/GLO gene might also extend its

expression to whorl 1.

We report here the cloning and characterization of

five PI/GLO-like genes designated CsatPIA1, Csat-

PIA2, CsatPIB, CsatPIC1 and CsatPIC2 from C.

sativus. Expression analysis in the different flower

organs showed that unlikely to the typical model, the

expression of all CsatPI extends into the first whorl of

tepals. Extension of both B-class genes paleoAP3/DEF

and PI/GLO to the first whorl could be supportive

evidence for their heterodimerization not only to form

petals or inner tepals in C. sativus, but also, for the

homeotic transformation of sepals into outer whorl 1

tepals in this important agricultural flower.

Materials and methods

Plant material

C. sativus field growing plants were collected from

Kozani, Greece. Sampling was during the late

flowering season in October. Tissues were separated

and immediately frozen in liquid nitrogen and stored

at 2808C until used.

RNA isolation, cDNA synthesis and cloning

Total RNA from leaves, flower buds (3 cm in length),

outer tepals, inner tepals, stamens and carpels was

extracted using the RNeasy plant mini kit (Qiagen,

Hilden, Germany). On-column digestion of DNA

during RNA purification was performed using the

RNase-Free DNase Set (Qiagen). For amplification of

PISTILLATA-sequences, two degenerate primers,

PIF1, 50-AAGCTSTGGGAYGMNAARCA-30 and

PIF2, 50-RSGARAAYGAYAAYATGCA-30 were

designed corresponding to the conserved amino acid

sequences KLWDAKH andKENDNMQ respectively

of the K domain of PI genes from other monocot

species and were used in 30 RACE experiments.

First strand cDNA synthesis was performed using

1.5Dg total RNA from closed flowers, 0.75Dg 30

RACE Adapter Primer 50-GGCCACGCGTCGAC-

TAGTA(T)17-3
0, (Gibco-BRL, Pairsley, UK), 1mM

dNTPs and 200U M-MuLV reverse transcriptase

(New England Biolabs, Beverly, USA) in 50 Dl total

volume. Part of the synthesized cDNA (2Dl) was used

as a template in a PCR reaction with 1 pmol PIF1

primer, 0.2 pmol abridged universal amplification

primer, 0.2mM dNTPs and 1U DyNAzyme II

DNA polymerase (Finnzymes Espoo, Finland). The

thermocycler program was 2min at 948C, 34 cycles of

45 s at 948C, 45 s at 548C, 1min 45 s at 728C followed

by a final extension step of 15min at 728C. The PCR

product was used as a template in a repetition of the

PCR reaction with 1 pmol PIF1 and PIF2 primer,

0.2 pmol Abridged Universal Amplification primer

50-GGCCACGCGTCGACTAGTAC-30 (Gibco-

BRL), 0.2mM dNTPs and 1U DyNAzyme II DNA

polymerase (Finnzymes). The thermocycler program

was 2min at 948C, 34 cycles of 45 s at 948C, 45 s at

548C, 1min 45 s at 728C followed by a final extension

step of 15min at 728C. The products between 550 and

800 bp were cloned into the pGEM T easy vector

(Promega, Madison, USA) according to the manu-

facturer’s protocol. DNA sequencing and BLAST

similarity searches with EMBL and Genbank nucleo-

tide databases identified a number of clones.

To obtain the cDNA’s 50 end, an RNA ligase-

mediated rapid amplification reaction was performed

on a pool from total RNA from leaves and flowers

using the GeneRacer Kit (Invitrogen, Pairsley, UK)

according to the manufacturers protocol as it was

described (Tsaftaris et al. 2006). Based on the

sequence information obtained by the 30 RACE

experiments, two gene specific primers PIARl, 50-

GATTCAAAAGAGTTCCTCGTAGG-30 and

PIAR2, 50-AGACATCCAATAGAATAGGTTGC-30

and two degenerate PIBCR1, 50-GGTTCAWGTT-

GACCCACTGCATC-30 and PIBCR2, 50-AGCWW-

CTTTCTTTCTAATASATAGA-30 were designed

from the 3-UTR and used to isolate the cDNA’s 50

ends following the recommendations of the

manufacturer.

Amino acid sequence comparisons and phylogenetic

analysis

The nucleotide and deduced amino acid sequence of

the CsatPIA1, CsatPIA2, CsatPIB, CsatPIC1 and

CsatPIC2 cDNAs were used for BLAST searches on

the GenBank/EMBL/DDBJ databases, and among the

best BLAST hits, 16 class B floral identity genes for

which there are published reports, were selected for

comparison. Sequence names were changed to include

initials of the species where needed. GenBank

accession numbers are given in parentheses. The

sequences were: Asparagus officinalis AoGLOA

(AB103465) and AoGLOB (AB103466) (Park et al.

2004); Betula verrucosa BvMADS2 (AJ488589) (Jaer-

vinen et al. 2003); Lilium regale LrGLOA (AB071379)

and LrGLOB (AB071380) (Kanno et al. 2002); T.

gesnerianaaTgGLO (AB094967) (Kanno et al. 2003);

Oryza sativa OsMADS4 (L37527) and OsMADS2

(L37526) (Chung et al. 1995); Zea mays Zml6

(AJ292959), Zml8 (AJ292960) and Zm29

(AJ292961) (Minister et al. 2001); Triticum aestivum

TaPIl (AB107991) and TaPI2 (AB107992) (Hama

et al. 2004); Petunia hybrida PhMADS2 (X69947) and

PhfbpS (X71417) (Kush et al. 1993; Angenent et al.

1994); Segittaria montevidensis SmPI (AF230712)

(Kramer and Irish 2000) and Mains domestica

MdMADS (AJ291491) (Yao et al. 2001).The deduced

amino acid sequences of the genes togetherwithCsatPI
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were aligned using the multiple sequence alignment

program CLUSTALW (Thompson et al. 1994).

Phylogenetic relationships of 63 B-type MADS-box

amino acid sequences (AP3-, PI- and GGM2-like)

representing all angiosperm lineages and gymnos-

perms with CsatPI sequences were performed using

the neighbor-joining method with Poisson correction

(Saitou and Nei 1987). The gymnosperms clade of B

proteins was used as outgroup (Becker et al. 2000).

Bootstrap values were derived from 1000 replicate

runs. A phylogenetic tree was constructed using the

MEGA 3 software (Kumar et al. 2004).

Southern blot

Ten microgram genomic DNA was digested with

EcoRI, XhoI, BamHI, Hind III, EcoRV and Dra I

(Takara, Shiga, Japan). The digested DNA was

separated on 0.8% agarose gel and transferred to

positively charged Nylon membranes (Roche, Man-

nheim, Germany) by capillary transfer. The filter was

hybridized with a common CsatPI probe (453 bp) for

all CsatPI genes or three gene specific probes: a

CsatPIA (317 bp fragment) for CsatPIA1 and Csat-

PIA2, a CsatPIB (173 bp fragment) for CsatPIB and a

CsatPIC (169 bp fragment) for CsatPIC1 and Csat-

PIC2. The digoxigenin labeled CsatPI, CsatPIA,

CsatPIB and CsatPIC specific probes were prepared

using the PCR DIG probe synthesis kit (Roche) with

template the previous cloned cDNAs (CsatPIC2,

CsatPIA1, CsatPIB and CsatPIC1) and primers

PIF1/PIBR (50-GCGTAATTAAGTCGACAGCAA-

30), PIAF (50-AGCACTCACGAACGGCCTC-

ACTA-30)/PIAR2, PIB1F (50-TGGAAGGAAGCAT-

GAGAGATC-30)/PIBR1 and PICF2 (50-9 ATAGTA-

TTACCGTTCGCGT-30)/PICR3 (50-TTAGGCAT-

CAAGAGTACTC-30) respectively. Hybridization

was performed in DIG Easy Hyb solution (Roche) at

428C according to the manufacturer and stringent

washes at 688C in 0.5 £ SSC/0.1% SDS (twice).

Detection was performed using the DIG Luminescent

as it was described (Tsaftaris et al. 2006).

Expression analysis

Expression analysis of the isolated MADS-box genes

was performed using RT-PCR. One Mg of total

RNA extracted from leaves, flowers, outer tepals,

inner tepals, stamens, and carpels of the wild type

flowers and additionally carpels of a mutant flower

lacking stamens and amutateddouble flowerwereused

in a reverse transcription reaction as described in the

RNA isolation and cDNA synthesis section of

Materials and Methods. PCR was performed in 1X

PCR buffer, 0.2mM dNTPs, 0.4 pmol of each

of gene specific primers PIAF/PIAR2 for

CsatPIA, PIBCF (50-CAGATGGATTTCTTGAA-

GATGATGA-30)/PIBR1 for CsatPIB and PICF1

(50-TATAGAAGAAGCCTTGCAGAAC-30)/PICR2

(50-CTGTTGGTACCCAAGATCCATG-30) for

CsatPIC, 1U of the DyNAzyme II DNA polymerase

(Finnzymes) using as template 1 Dl of the synthesized

cDNA. Primers actin2-F (50-CCGGTGTCATGGT-

TGGTAT-30) and actin2-R (50-GCAGGCACATTG-

AAGGTCT-30) amplifying a fragment of the actin-beta

genewere used as control.The cycling parameterswere

incubation at 948C for 2min, followed by 30 cycles of

incubation at 948C for 30 s, 548C for 30 s, 728C for 30 s

and a final extension step of 3min at 728C. A negative

control RT-PCRwas included for each sample using as

template total RNAwithout reverse transcriptase at the

same dilution as the cDNA template. The PCR

products were separated on 1.8% agarose gels where

amplification products of the expected size could be

observed.

Micro-RNA target analysis

The mature sequences of A. thaliana from Rfam

(Griffiths-Jones 2004) were downloaded and a non-

redundant database was created. The Miranda

program (Enright et al. 2003) was used to detect

putative microRNA (miRNA) targets in the PI/GLO

sequences. A cutoff score of 100 was used and after

the analysis the alignments of the known miRNA and

its putative target was subsequently manually inves-

tigated.More specifically, the sequences were required

to have a 100%match to basepair 2–7 on the 50 end of

the miRNA since this is considered crucial for the

target recognition (Brennecke et al. 2005). To further

facilitate the analysis of possible miRNA targets a perl

script was written to parse the Miranda output.

Results

Cloning of five MADS-box PI/GLO-like cDNAs from C.

sativus

Five homologous MADS-box PI/GLO-like cDNAs

designated CsatPIA1 (DQ231247), CsatPIA2

(DQ231248), CsatPIB (DQ231249), CsatPIC1

(DQ2312450) and CsatPIC2 (DQ231251) (GenBank

accession numbers in parentheses) were isolated from

C. sativus using a combination of PCR techniques.

CsatPIA1 (849 bp,) contain a 630 bp ORF, which

encodes a 210 amino acid predicted polypeptide.

CsPlA2 (842 bp,) contain a 630 bp ORF, which

encodes a 210 amino acid predicted polypeptide.

CsatPIB (841 bp,) contain a 630 bp ORF, which

encodes a 210 amino acid predicted polypeptide.

CsPlCl (888 bp,) contain a 630 bp ORF, which

encodes a 210 amino acid predicted polypeptide.

CsatPIC2 (900 bp,) contain a 630 bp ORF, which

encodes a 210 amino acid predicted polypeptide. The

sequences of the five CsatPI cDNAs were more

homologous in the coding region spanning the

Heterotopic expression of B-class floral homeotic genes PISTILLATA/GLOBOSA 123



MADS, I and K domains while they were more

divergent at the C terminal domain and the 50 and 30

untranslated regions. Three microsatellite loci ident-

ified at the 50 UTRofCsatPIA1,CsatPIA2 andCsatPIB

consisting of a (CTTT)3 (position 20–31) (GAA)4
(position 49–61) for CsatPIA1 and CsatPIA2 and of a

(CTT)5 (position 22–36) for CsatPIB, providing a

means to distinguish between the genes.

Amino acid sequence comparisons and phylogenetic

analysis

Based on the amino acid sequence similarity of the

entire coding region, the five CsatPI homologous

deduced protein sequences can be grouped into

PI/GLO-like family of proteins (Riechmann and

Meyerowitz 1997). Published genes that belong to

the PI/GLO family of proteins and showed high

degree of homology to the five CsatPI were selected

for multiple alignment (Figure l). The MADS domain

of the aligned proteins is highly conserved and

conserved regions are also observed in the I and K

domains (Figure 1), while the C terminal domain is

more divergent. The five CsatPI proteins at the C-

terminus include a Pi-motif, which is conserved

sequence in the PI/GLO family genes (Kramer et al.

1998, Figure 1).

Figure 1. Alignment of the predicted amino acid sequences of the five CsatPI proteins andmembers of the PI family in other plants. Identical

amino acids in all proteins are in white letters highlighted by black background, while identical amino acids in more than 75% of the sequences

are highlighted by grey background. Dashes indicate gaps to maximize alignment. The MADS-box, I, K and C-domains are shown by boxes

on top of the alignment. The conserved PI morif is boxed (Kramer et al. 1998). Hydrophobic amino acids in a and d positions in the heptad

(ebcdefg)n repeats are in bold. The K domain is postulated to contain three amphipathic D-helices: Kl, K2 and K3. Two conserved

hydrophobic amino acids (h) in the region between Kl and K2 are also in bold (Yang et al. 2003). The alignments were generated using

CLUSTALW.

A. Kalivas et al.124



The higher BLAST similarity scores between each

of the five CsatPI C. sativus proteins and sequences in

the GenBank were recorded for MADS-box proteins

of plants belonging to the class of Liliopsida

(monocots). The highest score for CsatPIA1 and

CsatPIA2 was for the monocot A. officinalis MADS-

box protein AoGLOB (AB103466) (Park et al. 2004)

with 82 % identity and 90% similarity for CsatPIA1

and 81% identity and 89% similarity for CsatPIA2.

For CsatPIB, CsatPIC1 and CsatPIC2 the highest

score was for the monocot L. regale MADS-box

protein LrGLOA (AB071379) (Winter et al. 2002)

with 76% identity and 88% similarity for CsatPIB and

78% identity and 90% similarity for both CsatPIC1

and CsatPIC2. Next higher scores for CsatPIA1 and

CsatPIA2 were for the L. regale LrGLOA

(AB071379), the T. gesneriana TgGLO (AB094967)

and the A. officinalis AoGLOA 12 (AB103465)

proteins. For CsatPIB, CsatPIC1 and CsatPIC2

next higher scores were for the A. officinalis AoGLOB

(AB 103466), the T. gesneriana TgGLO (AB094967)

and the A. officinalis AoGLOA (AB 103465) proteins.

Alignment for the CsatPI and 80-amino acids K

domain reveals that, K domain contains several

(abcdefg) heptad repeats in which a and d positions

are occupied by hydrophobic amino acids suggesting

that K domain forms a series of amphipaphic a-helices

(Figure 1,Ma et al. 1991; Riechmann andMeyerowitz

1997). Moreover, CsatPI genes contain the additional

features that possess the PI/GLO-like and AP3/DEF-

like subfamilies compared to other MIKC-type

MADS proteins (Yang et al. 2003). First, Kl is more

conserved while K3 is less conserved in hydrophobi-

city of a and d positions. Second, like all (or most)

PI/GLO-subfamily proteins CsatPI contain aspara-

gine at position 98, a putative hydrophobic a position

in Kl. Third, glycine is conserved at position 131.

Fourth, charged amino acids are conserved at a

specific position in PI/GLO-subfamilies, e.g. position

97 is negatively charged in PI/GLO-subfamily

(Theissen et al. 2000).

A phylogenetic tree was calculated for the full-

length amino acid sequence of the five CsatPI proteins

and the selected PI/GLO-like proteins using the

neighbor-joining method (Figure 2). The five CsatPI

proteins fall in a group with the A. officinalis AoGLOA

and AoGLOB, the L. regale LrGLOA and LrGLOB

and the T. gesneriana TgGLO MADS Box proteins.

Southern blot analysis

The presence of CsatPIA, CsatPIB and CsatPIC genes

in C. sativus, was confirmed with Southern blot

analysis. Genomic DNA was digested with EcoRI,

XhoI, BamRI, Hind III, EcoRV and Dra I and

hybridized with a probe for all CsatPI genes or specific

probes for CsatPIA, CsatPIB and CsatPIC genes

(Figure 3). For CsatPI probe the Southern blot

revealed five or six hybridizing zones for all enzymes.

The Southern blots for CsatPIA, CsatPIB and CsatPIC

genes using genes specific probes revealed in each lane

one, two or three hybridizing zones. The Southern

blot for HindIII digest for the three specific probes

revealed three different patterns. For CsatPIA one

band of about 6.5 kb, two bands of about 1.5 and 0.8

for CsatPIB and two bands of about 1.5 and 9.5 for

CsatPIC, could be observed in the Southern blot.

These results provide evidence for the presence of the

five isolated sequences in the C. sativus genome, but

are not conclusive on the total number of genes

present.

Expression analysis

The expression pattern of the CsatPIA, CsatPIB and

CsatPIC genes in leaves and flowers was compared by

RT-PCR. The experiments revealed the presence of

the CsatPIA transcript both in flowers and weakly in

leaves while the CsatPIB and CsatPIC transcripts were

present only in flowers (Figure 4). The expression

pattern of the CsatPI genes was also examined in

different flower organs as well as in carpels of a mutant

flower lacking stamens and a mutant double flower. As

shown in Figure 4, the RT-PCR experiment

performed with cDNA synthesized from outer tepals,

inner tepals, stamens and carpels resulted in the

identification of the transcripts in all mature flower

organs and in mutant flower organs. In addition, no

amplification could be observed in the negative

controls (data not shown).

Micro-RNA target analysis

The PI/GLO sequences of A. thaliana were also

analyzed for putative targets to known miRNAs. In A.

thaliana, the best match between a miRNA and

PI/GLO as a target, was ath-mir167c. The score

was 115 and the free energy was calculated to

228.02Kcal/mole. In the 50end of the ath-mir167c,

the miRNA and the target aligned perfectly along the

10 first bases (Figure 5A). Only one gap and one

mismatch were found. The miRNA target sequence

for ath- mir167c was not detected in the C. sativus

PI/GLO sequences. The C. sativus PI/GLO genes,

CsatPIB, CsatPIC1 and CsatPIC2, have a target match

for the ath-miR163 (Figure 5B), although weaker

than that of ath-miR167c to A. thaliana PI/GLO but

still within the cutoffs described in Materials and

Methods. The score for ath-mir163 against the C.

sativus PI/GLO genes is 106 and the free energy

220.58Kcal/mole. On the 50 end of the target

sequence the 8 first bases have a perfect match.

Positions 2–7 are known to be crucial for the miRNA

to bind to the target that in turn is needed for

an efficient degradation of the mRNA (Brennecke

et al. 2005).
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Discussion

In order to uncover and understand the molecular

mechanisms and control of flower development and

possible homeotic changes in C. sativus, as well as

understand the formation of different mutant flower

phenotypes, we clone and characterize C. sativus A, B

and C class MADS-box genes. In this study, five

PI/GLO-like MADS-box genes, CsatPIA1, CsatPIA2,

CsatPIB, CsatPIC1 and CsatPIC2 of the B-type were

isolated. Multiple PI/GLO-like genes exist in other

species and usually comprise a small multigene family

(Münster et al. 2001). Since C. sativus is a triploid

species and inherited its chromosomes from two

different species, the possibility exists that for each

locus, three distinct genomic sequences exist. Two

alleles from the genome of the species that is

represented by a pair of chromosomes in C. sativus

and their homologue from the species that contributed

the haploid genome (Fernandez 2004). The sequence

alignment revealed that all five CsatPI proteins

contain the typical domain structure of plant MADS

box proteins consisted of the conserved N-terminal

MADS-box, the I domain, the central K domain, that

is postulated to form three amphipathic a-helices (Kl,

K2 and K3, Figure 2), and the C-terminal domain

(MIKC type, Figure 1). Furthermore, C-domain

region of these five genes includes a PI-motif, which is
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monocot clade are displayed while the rest of the clades are condensed. Dashed lines represent distances out of scale.

A. Kalivas et al.126



conserved sequences in the PI/GLO family genes.

Moreover, phylogenetic analyses, along with 65 class

B floral identity proteins, showed that the five CsatPI

proteins fall together with the other monocot

sequences in the PI/GLO linage clade of the

phylogenetic tree (Figure 3). These data suggest that

CsatPIA1, CsatPIA2, CsatPIB, CsatPIC1 and Csat-

PIC2 are the cognate orthologs of PI/GLO (Kramer

et al. 1998). Closer relationship was recorded with

other members of relative species, particularly

Asparagus (A. officinalis), but also Lilies (L. regale)

and Tulips (T. gesneriana) forming a distinct sub-clade

within the monocots but separate from other mono-

cots like grasses. This is in agreement with results

related to other MADS-box genes from C. sativus

analyzed (Tsaftaris et al. 2004, 2005, 2006).

Southern blot analysis confirmed the presence of

CsatPIA, CsatPIB and CsatPIC genes in C. sativus

genome. Since no further genomic information is

currently available, we cannot conclude whether the

isolated sequences represent homologues genes or

alleles of one locus.

Different from the PI/GLO studies of other plants,

particularly dicots but in certain monocots too which

follow the ABC model, restricting the expression of

PI/GLO-like MADS-box genes in whorls 2 and 3, the

expression pattern of CsatPIA, CsatPIB and CsatPIC

revealed that these genes are expressed in all floral

organs, in whorls 1, 2, 3, 4 (outer and inner tepal,

stamen and carpel, respectively). In order to explain

the flower morphology in Liliaceae flowers also

forming tepals, in the first two whorls van Tunen

et al. (1993) proposed that class B genes do not

restrict their expression in whorls 2 and 3, but are

expressed in whorl 1, too. Thus whorls 1 and 2 organs

express A and B class genes simultaneously, leading to

the same petaloid identity (tepals). In a previous study

we described the cloning and characterization of

two paleo/AP3-like genes designated CsatAP3a and

CsatAP3b, and reported that the expression of these

genes is extended to whorl 1 too (Tsaftaris et al.

2006). The expression ofCsatAP3 andCsatPI in whorl

1 is a strong indication to explain the homeotic

transformation of sepals into sepaloids outer whorl

tepals in C. sativus.

In lower eudicots and basal angiosperms,

AP3/DEF-like and PI/GLO-like genes are continually

expressed during the development of stamens but

variably in petals (Kramer and Irish 1999, 2000), and

it is unclear what kind of genes would specify petal

identity in basal angiosperms. In order to characterize

the role of class B genes in C. sativus, functional

analyses of these genes are needed with transform-

ation into A. thaliana and C. sativus.
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Figure 3. Southern blot analysis of CsatPI (A) CsatPIA (B), CsatPIB (C) and CsatPIC (D) in C. sativus. Each lane contains lODg of total

DNA digested with each of restriction enzymes (EcoRI (E), Xho (X), BamHI (B), HindIII (H), EcoRV (Ev) and Dra (D).
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flowers and different C. sativus flowers tissues and (D) the Actin-

beta control. The lines are: L, leaves; F, flower; T (out), (the three

tepals of the outer whorl); P, petals (the three tepals of the inner

whorl); St, stamens; Ca, carpels; W, wild flower; M, mutant double

flower, noSt, carpels of a mutant flower with no stamens. Amplicons

of the expected size are observed.
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The expression of CsatPI genes in carpel resembles

that of other PI/GLO-like genes from monocots, such

as TgGLO from T. gesneriana (Kanno et al 2003),

OsMADS4 and OsMADS2 from O. sativa (Chung

et al. 1995) and ZmM16, ZmMIS and ZmM29 from Z.

mays (Münster et al. 2001).

Furthermore, CsatPIA are expressed weakly in

vegetative organs (leaves). There are other examples of

PI/GLO-like genes that exhibit expression in both

floral and non-floral organs. Thus, TgGLO from T.

gesneriana (Kanno et al 2003) and ZmM16 from Z.

mays (Münster et al. 2001) are expressed in vegetative

organs, although the low level of expression detected

may not reflect function.

PI/GLO sequences may be regulated by a miRNA,

at least in A. thaliana (Li et al. 2005). The target was

matched with only one mismatch and one gap that

make PI/GLO a probable target for miRNA ath-miRl

67c (Figure 5A).

The CsatPI genes have the same expression pattern

in wild flowers and in a mutant flower with double

flower organs and in carpels of another mutant flower

with no stamens. Further characterization and

analysis of these asexually propagated natural mutants

identified in the field is very important, since, mutants

with the double flower could double the yield of C.

sativus while those without stamens could cut down

many hours of work required to separate carpels from

Figure 5. Parts of an alignment of the PISTILLATA genes from C. sativus (CsatPIA 1, CsatPIA2, CsatPIC1, CsatPIC2, CsatPIB) and A.

thaliana (Ath PI) and the match between miRNA and its putative targets. A shows the miRNA target of ath-mIR167c and the match between

the miRNA and Ath PI. B shows the miRNA ath-mIR163 target and the match between the miRNA and CsatPIC1.
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stamens, thus lowering the cost of saffron production,

while improving the quality of the final product.
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