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ABSTRACT 
Saffron (Crocus sativus L.) is used as a spice, a dye and as a traditional medicine. It is a sterile geophyte and is propagated vegetatively 
through daughter corms. To meet the steady increase in worldwide demand of saffron, there is a need to expand area under its cultivation, 
however, limited availability of daughter corms is one of the major handicaps for the expansion of acreage under saffron. Alternatively, 
micropropagation of saffron using direct or indirect shoot induction or plantlet regeneration through somatic embryogenesis followed by 
microcorm production offers the capability to produce large quantities of propagating material in short duration of time, however, the 
protocols available so far need refinement for their commercial utilization. Alternatively, the spice saffron or its chemical constituents viz., 
crocin, picrocrocin, crocetin and safranal can be produced in tissue cultures. The structures similar to saffron stigmas called as stigma-like 
structures (SLS) have been generated in vitro. Tissue culture-derived SLS have a chemical composition and physical structure similar to 
natural stigmas; however, lack of their continuous production in tissue cultures is a major bottleneck to exploit this technology at 
commercial scale. The cell cultures of saffron also synthesize chemical constituents of stigma albeit at lower concentration. Among the 
four chemicals, production of crocin in cell cultures has been the main focus of research primarily because this chemical is implicated to 
have anticancer properties. Appropriate concentrations of growth regulators, media components, heavy metals, and two-stage culture 
system are some of the factors which offer potential to increase production of crocin in cell cultures. 
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INTRODUCTION 
 
Saffron is the most expensive spice in the world. This spice 
is made from the dried stigmas of Crocus sativus L. which 
is a sterile triploid geophyte (2n = 3x = 24). C. sativus is 
propagated vegetatively by means of corms (Fernández 
2004). The low rate of production of daughter corms limits 
the availability of propagating material in saffron. The 
daughter corms usually take three to four years to mature 
and give rise to the next progeny of daughter corms. Saffron 
plants worldwide are considered to be genetically uniform. 
Because of its narrow genetic base and autotriploid nature, 
saffron improvement by breeding is very difficult; however, 
large-sized corms produce more flowers and larger daughter 
corms (Agayev et al. 2009). Thus, there is a possibility of 
selection of superior clones for higher stigma yield. The 
multiplication of superior clones in adequate quantities for 
planting in larger areas is difficult as limited daughter corms 

are produced by mother corms. Alternatively, daughter 
corms or plantlets can be propagated rapidly through clonal 
propagation (Aguero and Tizio 1994; Sharma et al. 2008) 
or embryogenesis in callus cultures followed by generation 
of shoots/plantlets and daughter corms (Blazquez et al. 
2004a). 

Commercial value of saffron is due to its stigmas which 
are used as a spice. It is one of the most valuable spice and 
is recognized for its unique colour, aroma, taste and medi-
cinal properties. The chemicals responsible for spicy pro-
perties of saffron are crocin, picrocrocin, crocetin and safra-
nal. These chemicals, especially crocin, also have antican-
cer properties (Abdullaev 2004). Due to low productivity of 
saffron (4.6 kg/ha in Iran), limited cultivation in a few 
countries of the world and decrease in saffron production in 
all countries of the world in more recent years (Fernandez 
2007), the possibilities of increasing saffron production 
seems to be remote. Another factor that contributes to high-

® 



Functional Plant Science and Biotechnology 4 (Special Issue 2), 15-24 ©2010 Global Science Books 

 

er costs of saffron is the manual harvesting of stigmas. 
Tissue culture offers two alternatives to saffron production 
in vivo i.e. generation of saffron stigmas in cultures and 
production of chemical constituents of saffron in callus or 
cell cultures (Loskutov et al. 1999; Chen et al. 2003). Both 
the techniques have the capabilities for commercialization. 
In this review, the term metabolite refers to metabolites of 
saffron stigmas namely crocin, picrocrocin, crocetin and 
safranal, if not mentioned otherwise. 

Research of saffron tissue culture has been reviewed by 
Plessner and Ziv (1999). A brief account of significant 
developments in saffron tissue culture has also been presen-
ted by Ascough et al. (2009) while reviewing micropropa-
gation of Iridaceae. In this review, we have presented an 
updated account of the research developments on saffron 
micropropagation, generation of stigma-like structures 
(SLS) and biosynthesis of important metabolites of saffron 
stigmas in cell cultures. 
 
PLANTLET REGENERATION FROM 
PROTOPLASTS 
 
There is only one study on plantlet/shoot generation from 
isolated protoplasts of saffron (Isa et al. 1990). Saffron 
protoplasts were isolated from calli developed from apical 
buds or corms (Isa et al. 1990; Darvishi et al. 2007). A 
cocktail of two cellulases (1% Cellulase R-10 from Tricho-
derma viride and 1% Driselase from Irpex lactes) sup-
plemented with low concentrations of a pectinase, pectlyase 
Y-23 and 0.3 M Mannitol at pH 5.7 was used as digestion 
mixture that released sufficiently higher number of proto-
plasts from callus cultures when treated at 25°C under dark 
for 1-3 h. Darvishi et al. (2007) also used 0.1% MES (2-N-
morpholino ethane sulfonic acid) in the digestion mixture. 
Callus cultures treated for 3 h yielded 40 × 105 protoplasts 
per ml of the suspension with 98% viability (Darvishi et al. 
2007). After isolation, subsequent growth and division was 
influenced by protoplast immobilization, nurse cultures and 
plating density (Isa et al. 1990). While protoplasts which 
were not immobilized in Ca-alginate beads did not divide, 
the ones embedded in Ca-alginate formed cell clusters with 
or without nurse cultures. The nurse cultures improved cell 
division from protoplasts as considerably more number 
(15%) of cell colonies were formed after two months than 
protoplasts without nurse cultures (3% cell colonies after 
two months) (Isa et al. 1990). The optimum density of proto-
plasts in medium for higher frequency of colony formation 
was 5 × 104 protoplasts per ml. The beads upon transfer to 
MS medium supplemented with benzyl adenine (BA) and 
1-naphthaleneacetic acid (NAA) regenerated shoots and 
roots i.e., plantlets. About 80% of the calli regenerated on 
this medium. 

The same strategy was used by Karamian and Ebrahim-
zadeh (2001) to regenerate plantlets from another species of 
Crocus i.e. C. cancellatus. Embryogenic callus of C. can-
cellatus initiated from shoot meristems at 17.8 �M kinetin 
and 4.4 �M 2,4 dichlorophenoxy acetic acid (2,4-D) was 
used for protoplast culture. Immobilization of protoplasts in 
Ca-alginate beads followed by ‘nurse culture’ with 4.4 �M 
2,4-D, 8.9 �M kinetin and 0.57 mM ascorbic acid in the 
dark led to highest growth and cell division. Cells further 
divided to form cell colonies and embryogenic calli that 
regenerated plantlets (Karamian and Ebrahimzadeh 2001). 
 
SOMATIC EMBRYOGENESIS 
 
Micropropagation of several plant species has been 
achieved by callus induction followed by somatic embryo-
genesis or organogenesis. Among the two modes of plantlet 
regeneration, embryogenesis is preferred over organogene-
sis primarily because of the higher frequency of regene-
ration. The first report in saffron on successful induction of 
callus and regeneration of intact plantlets was from corm 
explants (Ding et al. 1979, 1981). This was achieved by 
using culture media supplemented with indole-3-acetic acid 

(IAA) and 2,4-D. Ilahi et al. (1987) also produced callus 
from corm explants on 2,4-D-containing media followed by 
bud and shoot differentiation. Different kinds of explants 
such as corms, corm pieces, apical and axillary buds, young 
ovaries, young leaves and shoot apices induce callus in 
saffron (Isa and Ogasawara 1988; Bhagyalakshmi 1999; 
Blazquez et al. 2004a; Sharma et al. 2005; Sharifi et al. 
2010). These explants dedifferentiate to either embryogenic 
or non-embryogenic calli or mixture of embryogenic as 
well as non-embryogenic calli. Unlike many crop species 
where 2,4-D is essential for callus induction, callus in 
saffron can be induced in the absence of 2,4-D from wide 
variety of explants such as young ovaries, young leaves, 
shoot apices and vegetative buds (Igarashi and Yuasa 1994; 
Sharma et al. 2005). In the absence of 2,4-D, growth regu-
lators NAA (auxin) and BA (cytokinin) together in an 
appropriate ratio induce calli with high efficiency. 

Induction of somatic embryogenic callus from non-
embryogenic one (explant: meristematic regions of corm) 
was first reported by George et al. (1992). The non-embryo-
genic callus developed on 2,4-D was transferred to medium 
containing IAA, kinetin and ascorbic acid where somatic 
embryo development took place. This was followed by in-
duction of embryogenic callus from bulblet explants in the 
presence of growth regulators BA and NAA (Ahuja et al. 
1994). With the advent of somatic embryogenesis in saffron, 
role of 2,4-D and other growth regulators in embryogenesis 
became clear. 2,4-D is required for induction of embryo-
genic callus whereas its absence lead to the development of 
non-embryogenic calli (Karamian 2004; Sharma et al. 
2005; Darvishi et al. 2007; Raja et al. 2007). 2,4-D alone, 
however, is not very effective in embryo induction and 
supplementation with kinetin or BA along with 2,4-D is 
essential for high frequency of induction. For example, em-
bryogenic callus developed from shoot meristems in the 
presence of 4 mg L-1 kinetin and 1 mg L-1 2,4-D (Karamian 
2004) and that from shoot and leaf explants in the presence 
of 2,4-D and BA (Raja et al. 2007). In addition, jasmonic 
acid (Blazquez et al. 2004b) and thidiazuron (TDZ) (Shei-
bani et al. 2007) also improve efficiency of somatic em-
bryogenesis. Compared to other hormones, low amounts of 
TDZ are required for embryo induction (0.5 mg L-1) and 
proliferation (0.25 mg L-1). Generally, whole of the callus 
does not convert uniformly to embryos and only some 
regions form embryos. These regions are called as embryo-
rich regions and are selectively multiplied during subse-
quent subcultures to get enough embryos (Blazquez et al. 
2009). Factors affecting maturation of embryos in saffron 
have not been studied in detail except that elevated levels of 
sucrose (6%) in hormone-free MS (Murashige and Skoog 
1962) medium (Sheibani et al. 2007) or 1 mg L-1 abscisic 
acid lead to maturation of embryos (Karamian 2004). Mature 
embryos were germinated on 25 mg L-1 gibberellic acid, 
GA3 (Karamian 2004). Upon germination, the basal parts of 
the embryos usually swell leading to the formation of 
microcorms after 3 months (Sheibani et al. 2007). Rapid 
increase in cell or callus mass is desirable to achieve suf-
ficiently higher amounts of embryos. The use of a tempo-
rary immersion system increases fresh weight of embryo-
genic calli four times compared to those grown on solid 
media (Blazquez et al. 2004b). 

The embryogenic calli look nodular. It takes about 6 
weeks to get nodular embryogenic calli from corm tissue 
cultures (Blazquez et al. 2009). At the nodular stage, the 
calli contain proembryonic structures or proglobular 
embryos which develop to globular embryos after 3 weeks 
in culture, to monopolar (containing a meristem and cotyle-
don) after 7 weeks in culture and to bipolar embryo (consis-
ting of an apical meristem with a cotyledon at one end and 
minicorm at other end) after 10 weeks in culture (Fig. 1, 
Blazquez et al. 2009). It takes about two weeks in culture 
for maturation of bipolar somatic embryos. The develop-
ment of the globular structure of embryos is coupled to the 
concomitant development of protodermis which is the 
outermost layer of the developing embryo and has clinical 
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divisions. The presence of this layer is considered as an 
evidence or characteristic feature of somatic embryo deve-
lopment (Von Arnold et al. 2002). The protodermis applies 
physical and cell divisional limitations and regulates further 
developments (Quiroz-Figueroa et al. 2002). The protoder-
mis can be seen in histological sections during early stages 
of embryogenesis in saffron and embryogenesis follows the 
normal path (Blazquez et al. 2009) similar to other genera 
and species such as Iris (Wang et al. 1999), Gladiolus 
(Stefaniak 1994) and Allium sativum (Fereol et al. 2002). 
Apart from callus cultures, parthenocarpic fruits of saffron 
developed in vitro also develop embryos (Chichiricco and 
Grilli Caiola 1987), however, development stages of these 
embryos are not studied and hence, similarities or differen-
ces in the development of embryos in cells and partheno-
carpic fruits are not known. 

Like other plant species, embryogenesis in saffron is 
accompanied with cellular stresses (Blazquez et al. 2004a). 
Plant response to stress usually leads to accumulation of 
reactive oxygen species (ROS). In cell cultures, ROS such 
as hydrogen peroxide (H2O2) are generated during induction 
of embryogenesis and are suspected to play role in regene-
rative pathways in plant tissue cultures including embryo 
induction (Kairong et al. 1999; Tian et al. 2003). More 
specifically, H2O2 in the presence of ascorbate glutathione 
maintains cell wall plasticity and stimulate organized cell 
growth (De Gara et al. 1997). In several plant species, the 
role of ROS appears to be confined to early stages of soma-
tic embryogenesis and these might not be required for sub-
sequent development of the embryos. Saffron seems to be 
no exception. The activities of ROS, enzymes of the anti-
oxidant system (ascorbate peroxidase, dehydroascorbic acid 
reductase and glutathione reductase) and catalase increase 
considerably during somatic embryogenesis in saffron 
(Blazquez et al. 2004a, 2009). Several members of the 
superoxide dismutase (SOD) family, the enzymes involved 
in stress tolerance in plants also play role in embryogenesis. 
Two Mn-SOD and four Cu, Zn-SODs are involved in em-
bryogenesis while Mn-SODs increase during last two stages 
of embryogenesis and Cu, Zn-SODs decrease (Blazquez et 
al. 2009). In saffron, stress most probably the oxidative one 

followed by ROS appear to function as components of 
signal transduction chain required to reprogram gene ex-
pression and induce totipotency to gain embryogenic com-
petence by the somatic cells (Blazquez et al. 2004a, 2009). 
The genes involved in embryogenesis in saffron are not 
known, however, based on small cDNA library prepared 
from corms, some genes with probable role in regulation of 
embryogenesis in vitro were identified (Alvarez-Orti et al. 
2004). While constitutive genes showed similar expression 
patterns at all stages, developmentally regulated genes 
changed their expression. Expression of a xyloglucan endo-
transglycosylase [xyloglucan:xyloglucosyl transferase] (a 
cell wall loosening activity enzyme involved in cell growth), 
formaldehyde dehydrogenase and an abscisic stress ripen-
ing protein was strongly regulated. 

The shoots/plantlets from callus cultures develop in the 
presence of cytokinins (BA, kinetin) either alone or in com-
bination with auxins such as indole-3-butyric acid (IBA), 
NAA (Ahuja et al. 1994; Igarashi and Yuasa 1994; Sharma 
et al. 2005). As expected, 2,4-D inhibits shoot induction. 
Shoot/plantlet development was studied from both embryo-
genic and non-embryogenic calli and in both the cases 
growth regulators were used for shoot induction (from non-
embryogenic calli) and plantlet development (embryogenic 
callus, George et al. 1992; Sharma et al. 2005). Type of 
nitrogen source also effects shoot regeneration from non-
embryogenic calli. Nitrogen in the form of nitrate (NO3) 
favours induction of shoots whereas the ammonical (NH4

+) 
form of nitrogen has inhibitory effect (Igarashi and Yuasa 
1994). 

The cost of production of saffron shoots in vitro either 
through embryogenesis or organogenesis is high and alter-
natives are needed to lower the cost of their production. The 
major cost enhancing factors in shoot regeneration are 
labour, sucrose and agar. While the labour costs could not 
be reduced until the tissue culture operations are performed 
by using the robots, the amount of sucrose in media could 
be reduced by using photoautotrphic micropropagation 
under high light and CO2 intensity especially after induction 
of shoots, and agar omitted from the media by using liquid 
cultures. By using cotton bed as a substitute of agar, the cost 
of shoot induction and development could be reduced by 
33.5% (Sharma et al. 2005); however, the frequency of 
shoot regeneration was low in media devoid of agar. Prob-
ably agar altered nutrient availability and uptake by saffron 
cells as its type and concentration in medium is known to 
alter nutrient uptake and influence shoot development in 
tissue cultures (Beruto et al. 1999; Karim et al. 2003). 
 
DIRECT SHOOT REGENERATION FROM 
DIFFERENT EXPLANTS 
 
Somatic embryogenesis in saffron is not very efficient and 
plantlet generation from somatic embryos is low. These 
problems must be resolved before somatic embryogenesis 
can become a viable method for mass propagation of saf-
fron. Direct shoot regeneration without an intervening 
callus pahse offers an alternative to somatic embryogenesis. 
The direct shoots have been generated from apical buds, 
lateral buds, small corms and ovaries (Plessner et al. 1990; 
Aguero and Tizio 1994; Bhagyalakshmi 1999; Sharma et al. 
2008; see Fig. 2 for direct shoots generated from apical 
buds). The direct organogenesis has the advantage of more 
genetic uniformity compared to adventitious regeneration 
from callus cultures or somatic embryogenesiss (Piqueras 
and Debergh 1999). Usually less time is required to gene-
rate direct shoots compared to indirect ones. 

Efficacy of direct shoot regeneration in saffron depends 
upon the explant used, growth regulator composition and 
temperature of incubation. First report of direct shoot 
regeneration was from corms (Homes et al. 1987) that was 
followed by shoot regeneration from apical buds consisting 
of 2 mm sided cube of corm tissue (Plessner et al. 1990). 
Shoot induction from apical buds was promoted by cyto-
kinins (kinetin or zeatin) and temperature of 15 or 20°C 

F

D

E3

E3
E1

E

E3

E2
E2

C

B

E2E1
E1

A

Fig. 1 Somatic embryogenesis in saffron. A, B, C and D show embryo-
genic calli with somatic embryos at different developmental stages (E1: 
globular, E2: monopolar, E3: dipolar). E presents a fully developed 
somatic embryo with a minicorm and F is a plantlet developed from an E3 
somatic embryo. The scale bar is 0.5 cm in A, B, C and D and 1 cm in E 
and F. (Blazquez 2004c). 
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(Plessner et al. 1990). Among different cytokinins, BA is 
the most effective cytokinin in direct shoot induction from 
buds and small corms (Majourhat et al. 2007; Sharma et al. 
2008). A recent study indicated that TDZ at concentrations 
below 10 �M is far more effective than BA in shoot induc-
tion from apical buds (Sharifi et al. 2010). Most charac-
teristic feature of the shoot induction using TDZ is an inter-
mediate nodular or embryo-like structures which lack root 
pole (Sharfi et al. 2010). Sucrose concentration is another 
factor that influences multiple shoot regeneration from 
corms as shoot induction is more at higher concentration 
(50 g L-1) compared to lower one (30 g L-1) (Sharma et al. 
2008). The effect of sucrose is not unique in saffron as 
sugar concentrations are known to affect shoot and root 
regeneration in many plant species (Radhika et al. 2006; 
Soniya and Sujatha 2006; Novotna et al. 2007). 

As for buds and corms, BA is also the best growth 
regulator for shoot induction from ovaries, however, shoot 
induction from ovaries is favoured by lower concentrations 
of BA compared to those required for direct shoot regene-
ration from corms or buds. At concentrations comparable to 
those used for shoot induction from buds or corms, it in-
duced either calli or abnormal shoots from ovaries. The 
optimum concentration of BA for shoot induction from ova-
ries is 4.4 �M along with higher NAA (26.9 �M) concentra-
tion (Bhagyalakshmi 1999). Apart from growth regulators, 
growth stages of ovaries also influence shoot induction and 
ovaries with yellow stigma are most amenable (Bhagyalak-
shmi 1999). 

Saffron ovaries have been used to generate calli, shoots 
and stigma-like structures (SLS) and ratio of BA to NAA 

seems to be the most critical factor leading to organogenesis 
or dedifferentiation. Absence or low levels of IBA or NAA 
along with BA lead to direct shoot induction from ovaries 
as well as other explants (see above; Darvishi et al. 2007; 
Sharma et al. 2008) whereas low concentrations of NAA 
(5.4 �M) and higher ones of BA (44. 4 �M) induce SLS 
from half ovaries (Loskutov et al. 1999, Table 1). A 1:2 
ratio of these growth regulators (BA 5 mg L-1 and NAA 10 
mg L-1) supports callus induction (Castellar and Iborra 
1997). Interactions among growth regulators, however, 
appear to be far more complex as equal ratio of both NAA 
(1 mg L-1) and BA (1 mg L-1) also differentiated ovaries into 
SLS (Castellar and Iborra 1997; Loskutov et al. 1999). 

Temperature and light influence direct shoot induction 
from explants. Usually temperature around 20°C is best for 
shoot induction and development; however, 25°C also 
supported induction and development of shoots (Plessner et 
al. 1990; Bhagyalakshmi 1999). While the effect of light on 
shoot induction form buds/corms has not been studied, dark 
conditions enhance shoot bud induction from ovaries (Bhag-
yalakshmi 1999). Like embryogenesis, the changes in acti-
vities of antioxidative enzymes such as peroxidase, catalase, 
SOD, esterase and polyphenoloxidase were also noticed 
during shoot induction (Sharifi and Ebrahimzedah 2010). It 
appears that antioxidant enzymes play a major role in the 
process of organogenesis and embryogenesis in saffron. 

Efficient micropropagation of saffron can not be 
achieved unless tissue culture derived shoots are multiplied 
in vitro. There is only one study (Sharma et al. 2008) on 
this aspect where individual in vitro derived shoots deve-
loped multiple shoots at low frequency. Maximum number 
of shoots (4.0) per cultured shoot induced at 14 mg L-1 BA 
+ 3 mg L-1 IBA + 50 g L-1 sucrose was, however low. 
 
IN VITRO MICROCORM PRODUCTION 
 
Natural way of propagation of saffron is through cormels 
called as cormlets which develop on the mother corms. The 
cormlets grow in size while in soil and after attaining opti-
mum size (three to four years) give rise to next generation 
of cormlets. During shoot/plantlet development experiments, 
it has been found that in vitro developed shoots have ten-
dency to swell at the base followed by formation of the 
small cormlet also called as microcorm (Fig. 2, Gui et al. 
1988; Plessner et al. 1990; Plessner and Ziv 1999; Sharma 
et al. 2008). The microcorms in vitro can be produced in 
large numbers in short duration of time and are considered 
ideal for saffron micropropagation. Being smaller in size, 
these are easy to transport and store under low temperature 
conditions and can be used for germplasm storage. However, 
generation of large number of microcorms for commercial 
use in saffron is elusive so far. The induction of microcorms 
from directly generated shoots was achieved for the first 
time by Plessner et al. (1990). The corms with adventitious 
shoots when rooted in medium without growth regulators 
also give rise to microcorms. Given appropriate culture con-
dition, the tissue culture derived shoots form microcorms 

A

C

B

D

Withered shoot

Daughter microcorm

Withered shoot

Daughter microcorm

D
Fig. 2 Multiple shoot and microcorm generation from bud explants in 
vitro in Crocus sativus. (A) Direct multiple shoots induction; (B) green 
shoots; (C) mature microcorms; (D) microcorms bearing daughter micro-
corms. Microcorms first germinated (withered shoot is visible at the top of 
microcorm on the left hand side) followed by swelling at the base of 
shoots leading to daughter microcorm formation. 

Table 1 Effect of BA and NAA (mg l-1) for callogenesis and organogenesis from ovaries, apical buds and corms of saffron. 
Explant BA NAA Organ induced Reference 
Ovary 5.0 10.0 callus Castellar and Iborra 1997 
Ovary 5.0 4.0 Shoots Bhagyalakshmi 1999 
Ovary 1.0 5.0 Shoot development Bhagyalakshmi 1999 
Ovary 1.0 10.0 SLS Sarma et al. 1991 
Ovary 1.0 1.0 SLS Castellar and Iborra 1997 
Half Ovary 10.0 1.0 SLS Loskutov et al. 1999 
Apical buda 6.0 0 Shoots Sharma et al. 2008 
Corms 6.0 0 Shoots Sharma et al. 2008 
Apical bud 2.0 2.0 Non-embryogenic callus Darvishi et al. 2007 
Apical bud 1.0 b Embryogenic callus Darvishi et al. 2007 
Apical bud 0 c Callus and shoots Sharifi et al. 2010 

aAlso called as apical meristem and consists of an apical bud along with about 2 mm or larger sided cube of corm tissue. 
b1.0 mgl-1 2,4-D 
c1.0 mgl-1 TDZ 
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irrespective of the explant used to generate shoots. The 
shoots derived from ovaries, floral and corm segments as 
well as plantlets developed from somatic embryos from leaf 
explants form microcorms (Bhagyalakshmi et al. 1999; 
Karaoglu et al. 2007; Raja et al. 2007). 

Ethylene treatment, microsurgery of the apical bud, 
concentration of media salts, growth regulators and growth 
retardants such as paclobutrazol and imazalil favour micro-
corm induction (Plessner et al. 1990; Piqueras et al. 1999; 
Sharma et al. 2008). The process of induction and deve-
lopment of microcorms is an energy requiring process and 
deposition of biomass at the base of the shoot is affected by 
sucrose concentration (Sharma et al. 2008). In saffron as 
well as in other crop species (Chow et al. 1992; Madubanya 
et al. 2006), sucrose/carbohydrate concentration is the most 
critical factor for cormogenesis and higher sucrose concen-
trations (6-9%) favoured microcorm induction and develop-
ment (Aguero and Tizio 1994; Raja et al. 2007; Sharma et 
al. 2008). Sucrose, however, does not have the same affect 
on storage organ formation in all the crops. It affects num-
ber and size of storage organs differently in different crops, 
e.g. increase in sucrose concentration from 3-9% decreases 
microcorm induction frequency but increases corm mass in 
Watsonia vanderspuyiae (Ascough et al. 2008), in Lache-
nalia increase from 3 to 6% does not improve bulblet for-
mation but does increase size (Slabbert and Niederwieser 
1999). Saffron does not falls in both of these categories as 
higher concentrations of sucrose increase both the micro-
corm induction as well as their average mass. Sucrose is 
essential for microcorm induction as media devoid of suc-
rose form no microcorms whereas frequency of induction 
deceases considerably (0.29 per shoot) when mannitol (1.89 
per shoot on medium containing comparable sucrose), a 
sugar alcohol that is not metabolized by plant tissue, is used 
as sole carbon source (Sharma et al. 2008). Sucrose is con-
sidered by many as an osmolyte that increases stress leading 
to storage organ induction, however, in saffron role of suc-
rose appears be more than osmolarity. No microcorm for-
mation in the absence of sucrose, very little in the presence 
of mannitol, point that sucrose might be providing energy 
for corm induction and growth. Like saffron, addition of 
mannitol or sorbitol at concentrations comparable to suc-
rose in Narcissus ‘St. Keverne and Hawera’ does not stimu-
late bulblet formation (Staikidou et al. 2005). The type of 
carbohydrate source may also affect storage organ induction 
e.g. in Hyacinth, fructose is more effective than glucose or 
sucrose in bulblet induction (Bach et al. 1992). However, 
sucrose and mannitol are the only carbohydrates tested so 
far for microcorm induction in saffron and effect of other 
carbohydrate sources is not studied. 

Lower salt concentrations e.g. half strength of MS salts 
improves microcorm induction and development compared 
to full strength of salts (Raja et al. 2007; Sharma et al. 
2008). Growth regulators IBA, BA, NAA and abscisic acid 
(ABA) affect microcorm induction with 3 mg L-1 BA in 
half-strength MS medium best for induction and develop-
ment with formation of as many as 1.89 microcorms (1.18 g 
average weight) per shoot (Sharma et al. 2008). BA alone 
or in combination with other growth regulators is the most 
important growth regulator for cormogenesis (Piqueras et al. 
1999; Sharma et al. 2008). BA induces storage organ for-
mation in many crops such as Gladiolus (Steinitz et al. 
1991; Ziv 1992), and Crinum (Slabbert et al. 1993). Funda-
mental differences appear to exist in different plant species 
for transmission of signals for induction of storage organs. 
In some crops, storage organ formation is induced by BA 
and anti-gibberellin compounds such as paclobutrazol 
whereas GA3 inhibit their induction. In other crops like 
Watsonia vanderspuyiae (Ascough et al. 2008) and Die-
rama luteoalbidum (Madubanya et al. 2006), GA3 increased 
cormogenesis. The role of GA3 in microcorm inhibition or 
induction in saffron is not evaluated, and at the same time, 
role of growth retardants in corm induction is not estab-
lished conclusively; though, there is an indication that 
paclobutrazol and imazalil increase growth of microcorms 

(Piqueras et al. 1999). Thus, saffron appears to fall in the 
first category where GA3 inhibits cormogenesis. ABA which 
is associated with senescence inhibits corm induction and 
development as well as fructification leading to develop-
ment of parthenocarpic fruits in saffron (Chichiricco and 
Caiola 1987; Sharma et al. 2008). The inhibitory effect of 
ABA on corm induction has also been reported in Watsonia 
vanderspuyiae (Ascough et al. 2008). 

The type of explant also appears to affect cormogenesis. 
While individual shoots show poor cormogenic response, 
bunches of two to three shoots develop more number of 
microcorms having higher average weight (Sharma et al. 
2008). The period of harvest of corms for explant isolation 
and season of culture can affect corm development as the 
seasonal developmental cycles typical for saffron in a natu-
ral environment do not change during in vitro culture (Mily-
aeva et al. 1995). The optimum temperature for corm deve-
lopment in vivo under phytotron conditions is 17°C day/ 
12°C night with 27°C day/22°C night the highest for corm 
development (Plessner 1989). A wide variety of tempera-
tures (10 to 25°C) were tested for microcorm induction in 
vitro (Plessner et al. 1990; Milyaeva et al. 1995; Bhag-
yalakshmi 1999; Sharma et al. 2008) and 20°C is the opti-
mum for cormogenesis in vitro. Synergistic interactions be-
tween temperature and growth regulators for corm induc-
tion may also occur as has been observed in Watsonia 
vanderspuyiae (Ascough et al. 2008). The role of light in 
corm formation in saffron is also not clear as partial or 
continuous light has been used to induce corms from shoots 
(Plessner et al. 1990; Milyaeva et al. 1995; Sharma et al. 
2008). Light affects storage organ formation differently in 
different crops. In some species, storage organ induction is 
inhibited by continuous dark e.g. Lilium (Lian et al. 2003), 
Fritillaria (Paek and Murthy 2002), Watsonia vander-
spuyiae (Ascough et al. 2008), whereas in others it is either 
favoured by dark e.g. Narcissus (Steinitz and Yahel 1982) 
or not influenced by light (16 h photoperiod) or continuous 
dark e.g. Hyacinthus (Kim et al. 1981), Lachenalia (Slab-
bert and Niederwieser 1999). In saffron, information on the 
effect of both temperature and light on microcorm forma-
tion is limited and more research is needed to establish opti-
mum temperature, light and interactions among temperature, 
light and growth regulators, if any for cormogenesis. 

One of the recent protocols for microcorm induction 
from shoots (Sharma et al. 2008) is outlined in Fig. 2. 
Using this protocol, it took nine months to develop micro-
corms (1.89 microcorms per shoot, 1.18 g average weight) 
from culture of buds. The microcorms were comparable in 
shape and size to daughter corms obtained under field con-
ditions (1.2 g average weight) after 22 months (Chahota et 
al. 2003). The majority (95.6%) of microcorms sprouted in 
vitro on MS medium supplemented with growth regulators 
and two of the cold pretreated (4°C for 4 months) micro-
corms (out of 10) also developed daughter microcorms. 
Sprouting and daughter microcorm differentiation was simi-
lar to daughter corm production under field conditions. The 
performance of these microcorms, however, was not evalu-
ated under field conditions. It has been established that 
larger corms give rise to larger and more number of corm-
lets in vivo that bear more number of flowers (Gresta et al. 
2008; Agayev et al. 2009). Larger corms also bear more 
flowers and yield more (Cavusoglu et al. 2009). Since 
microcorms vary considerably in size, it would be interes-
ting to see if there exist differences in performance of larger 
and smaller microcorms under field conditions. 
 
PRODUCTION OF CROCIN, CROCETIN, 
PICROCROCIN AND OTHER METABOLITES IN 
VITRO BY CALLUS/CELL CULTURES AND 
STIGMA-LIKE STRUCTURES 
 
Saffron, the dried red stigmas of C. sativus L., being used as 
colouring and flavouring agent and as medicine are in huge 
demand, but low productivity and decline in area under 
crop limits availability. Being a labour intensive enterprise 
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and low average yield, the cost of natural stigmas is too 
high. Alternative economical ways to produce saffron in-
clude tissue culture methods (Loskutov et al. 1999). The ap-
proach being followed to accomplish this is the generation 
of saffron (stigmas) in tissue cultures (Loskutov et al. 1999; 
Zeng et al. 2003). Production of crocin, crocetin, picrocro-
cin and safranal, the important chemical constituents of 
spice saffron in calli or cell suspension cultures without 
induction of stigmas is another method that can be exploited 
by the industry. In other plants, colouring agents such as 
shikonin are being produced commercially in somatic cell 
cultures (Fujita et al. 1982). The tissue culture methods, if 
exploited, can reduce dependence on natural stigmas and 
may lower the cost of this spice. 
 
Callus/cell cultures 
 
Induction of secondary metabolites in callus or cell cultures 
of some plant species has been studied extensively; how-
ever, limited information on this aspect is available in 
saffron. Initial studies indicated that unorganized cells of 
saffron produced colouring agents like crocin or crocetin, 
albeit at very low concentrations compared to those pro-
duced in the natural or in vitro generated stigmas (Hori et al. 
1988; Visvanath et al. 1990; Dufresne et al. 1997; Zeng et 
al. 2003). The crocin content in saffron callus was only 
0.24% compared to 14.30% in the natural stigmas and up to 
6.0% in SLS (Zeng et al. 2003). In addition to low amounts 
of secondary metabolites, saffron callus cultures also suffer 
from browning during culture (Visvanath et al. 1990). The 
brown parts of the callus are dead/dying cells with no capa-
bility to divide or produce secondary metabolites. Initial 
studies used one-stage culture system for metabolite pro-
duction. In other plant taxa where cell cultures are used for 
secondary metabolite production, one-stage culture system 
is not very efficient because conditions for division and 
growth of cells usually differ from those for secondary 
metabolite production. The saffron is no exception as cell 
growth and crocin formation are separate events (Chen et al. 
2003) and efficacy of crocin production was considerably 
more when two-stage culture system was used. In two-stage 
culture system for saffron, NAA (2.0 mg L-1) and BAP (1.0 
mg L-1) in B5 medium (Gamborg et al. 1968) supplemented 
with casein hydrolysate (300 mg L-1) yield maximum bio-
mass whereas IAA (2.0 mg L-1) and BAP (0.5 mg L-1) 
produce maximum crocin. Using two-stage culture system, 
crocin production was 43 mg L-1 (6.32 mg g-1) i.e. 295% of 
that of the one-stage culture system. As expected, one of the 
major factor contributing to higher crocin production in 
two-stage culture system is the high biomass yield (6.8 g  
L-1). Unlike SLS, where light and 25°C enhance synthesis 
of secondary metabolites of saffron, darkness and 22°C is 
optimum for production of crocin from cell cultures. 

Precursors enhance metabolite production in cell cul-
tures considerably, however, impact of precursor feeding on 
production of secondary metabolites of saffron is not known. 
Two rare earth elements, La3+ and Ce3+, enhance cell growth 
and crocin production in saffron (Chen et al. 2004). While 
La3+ promotes growth of cells with little impact on crocin 
production, the Ce3+ increases production of crocin with 
little effect on cell growth. Surprisingly, La3+ and Ce3+ toge-
ther in the medium increase both the cell biomass (1.7-fold, 
20.4 g l-1) as well as crocin production (4.2-fold, 4.4 mg g-1, 
90 mg l-1). Though, exact mechanism of action of rare earth 
elements is not clear, these are expected to react with cer-
tain enzymes in the cells and on the membrane and modify 
enzyme function and cell permeability. This can lead to in-
creased uptake and utilization of nutrients (Guo 1999; Hong 
et al. 1999) and fast growth of saffron cells. The mode of 
action of these elements might be similar to that of heavy 
metal ions which are also known to induce production of 
secondary metabolites at lower concentrations. 

Though, limited studies have been conducted so far on 
crocin production in cell cultures, these might provide leads 
to the development of bioreactor based systems for com-

mercial production of saffron metabolites in cell suspen-
sions. Further experimentation is needed to standardize fac-
tors affecting cell growth and metabolite production in bio-
reactors. Some of these factors are, heavy metals, precursor 
chemicals, growth regulators, casein hydrolysae, light and 
temperature. The studies during the last a few years are only 
on crocin production, primarily because demand for crocin 
is expected to rise in near future as this compound has 
anticancer properties (Escribano et al. 1996). Moreover, 
crocin is synthesized from crocetin, another metabolite of 
saffron by enzyme glucosyltransferase, and bioconversion 
of crocetin to crocin is not successful (Dufresne et al. 1999). 

Saffron corms also contain a proteoglycan that inhibits 
growth of human tumor cells. This glycoconjugate is cyto-
toxic against human cervical epithelioid carcinoma cells 
(IC50 = 7 mg mL-1), and consists of approximately 90% 
carbohydrate and 10% protein. The proteoglycan was also 
synthesized in callus cultures developed from saffron corm 
(Escribano et al. 1999). Apart from human tumor cells, 
reversible cytostatic effect of the arabinogalactan protein 
from saffron on root growth and in vitro viability of plant 
cells has also been documented (Fernández et al. 2000). 
This seems to be the maiden report till date that describes 
cytotoxicity of proteins of plant origin on plant cells. 
 
Stigma-like structures 
 
The stigmas generated in vitro are called as stigma-like 
structures (SLS) or tissue culture stigmas (TCS). Followed 
by the first report on in vitro proliferation of SLS in Nico-
tiana tabacum (Matsuzaki et al. 1984), Sano and Himeno 
(1987) showed proliferation of young intact stigma plus 
ovaries, single stigmas and half ovaries of saffron into 
stigmas under in vitro conditions with half ovaries being the 
best explant (75 SLS per half ovary). The SLS contain 
crocin, crocetin, picrocrocin and safranal, all the pigments 
found in natural stigmas. The SLS can be generated from 
explants either directly or indirectly through meristematic 
tissue on media containing BA/kinetin and NAA. The gene-
ration of SLS in tissue cultures is common and can be 
achieved from wide variety of explants such as immature 
ovaries, half ovaries, stigmas, stigma plus ovaries, anthers, 
stamens and petals and on wide range of media (Himeno 
and Sano 1987; Sano and Himeno 1987; Namera et al. 
1987; Fakhrai and Evans 1990; Sarma et al. 1990, 1991; 
Kohda et al. 1993; Loskutov et al. 1999; Zhao et al. 2001); 
however, frequency of generation of SLS and concentration 
of chemical constituents in SLS remained low (Fakhrai and 
Evans 1990; Sarma et al. 1990; Sarma et al. 1991; Kohda et 
al. 1993). The amount of crocin, and picrocrocin was lesser 
by 6 and 11 times in SLS compared to that in natural stig-
mas. In general, SLS were low in floral, spicy and fatty cha-
racteristics as compared to saffron obtained from flowers 
(Sarma et al. 1991). In addition to SLS, petal explants also 
generate petal-like structures (PLS) which develop SLS in 
frequencies higher than the SLS induced directly from 
petals (Wang et al. 2002). 

Sustained proliferation of SLS is essential for com-
mercialization of technology and needs attention for 
research. Major hurdles in sustained proliferation of SLS in 
vitro are low frequency of generation of SLS, browning of 
SLS, formation of non-SLS structures and single harvest. 
Besides sustained proliferation, low concentration of sec-
ondary metabolites, slow growth of callus tissues and short 
life of explants are the other problems. Browning and low 
rate of SLS production may be correlated as browning 
renders the cells dead which can otherwise generate SLS. 
Repeated subcultures at short intervals, use of B5 medium 
in place of MS medium and addition of activated charcoal 
in medium allowed three harvests of SLS within a period of 
9-10 months (Loskutov et al. 1999). In addition to B5 
medium and growth regulators, casein hydrolysate (CH) 
and L-alanine improved further the induction of SLS, and 
these along with rapid subculture, B5 medium and activated 
charcoal yielded SLS with content of crocin, crocetin, 
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picrocrocin and safranal comparable to or even higher than 
that produced by naturally grown stigmas. L-alanine is a 
precursor of saffron metabolites (Zeng et al. 2003); how-
ever, role of CH in enhancing metabolite content is not 
known. Though, Loskutov et al. (1999) improved conside-
rably the SLS production, proliferation beyond three har-
vests requires further research efforts. 

Understanding of the physiology of stigma induction 
and synthesis of chemical constituents of saffron is in 
infancy. A vast amount of literature indicates that yields of 
secondary metabolites increase with addition of the precur-
sors. Compounds like crocin and crocetin are terpenoids 
(Dufresne et al. 1999). All terpenoids originate from acetyl 
CoA and compounds increasing production of acetyl CoA 
in cells can enhance production of saffron metabolites in 
SLS. Based on this assumption, L-alanine, sodium acetate, 
glycine and serine were used as precursors to enhance cro-
cin production in SLS (Otsuka et al. 1992; Zeng et al. 2003). 
These compounds in plant cells are converted to acetyl CoA, 
albeit using different enzymes. Glycine first converts into 
serine and then to acetyl CoA. Of the four precursors used, 
L-alanine and sodium carbonate enhance not only produc-
tion of SLS but also increase content of crocin, picrocrocin 
and safranal (Otsuka et al. 1992; Zeng et al. 2003). The 
concentration of crocin in SLS (6.0%) produced in the pre-
sence of sodium acetate was two fold more compared to the 
SLS generated on basal medium (2.21% crocin), however, 
the quantity was less by half compared to natural stigma 
(14.30% crocin, Zeng et al. 2003). The amount of crocin 
produced in SLS also depends upon light (4.91% on basal 
medium under light, 2.21% under dark) and polyvinyl pyr-
rolidone, PVP (5.22%). Despite the effectiveness of light 
and PVP in enhancing accumulation of crocin, these does 
not increase SLS induction, however, SLS formed in the 
presence of PVP were morphologically more like natural 
stigmas. It would be interesting to see how the combination 
of sodium acetate, light and PVP would affect SLS induc-
tion and accumulation of different metabolites of saffron. 
Loskutov et al (1999) have generated SLS with high con-
centration of crocin, picrocrocin, crocetin and safranal 
under dark. Since light enhances crocin accumulation by 
two times (Zeng et al. 2003), it might be possible to have 
SLS with an increased concentration of saffron metabolites 
compared to natural stigmas if the method of Loskutov et al. 
(1999) is combined with incubation under continuous light 
conditions. 

Direct or indirect mode of induction of SLS depends 
upon hormonal composition of the media. While low con-
centrations of NAA and BA induce direct SLS, high con-
centrations of these growth regulators induce indirect types 
(Loskutov et al. 1999; Ebrahimzadeh et al. 2000, 2001). In 
general, the direct types are more similar to natural stigmas 
in shape, colour and size compared to the indirect ones. 
Similarly, accumulation of crocin, picrocrocin and safranal 
in direct types is more compared to indirect types (Ebrahim-
zadeh et al. 2001). The direct types also have proportion of 
different forms of crocetin i.e. monoglucoside esters, diglu-
coside esters crocetin ester types comparable to natural stig-
mas. 

The systematic studies on affect of temperature on 
induction and proliferation of SLS are not available. Since, 
saffron is a crop of colder regions, induction and develop-
ment of SLS might be thought to be better at lower tempe-
ratures. Initial experiments on SLS were also conducted at 
low (20°C) temperature (Sano and Himano 1987; Sarma et 
al. 1991). Flowering in saffron requires exposure of corms 
at higher temperatures (25°C) for as many as 55 days 
(Molina et al. 2005). The flowering could be accelerated 
(up to seven days) by increasing the temperature to 30°C 
prior to exposure at 25°C. However, elevated temperatures 
for longer durations might be deleterious for bud growth 
and flower formation. The optimum temperature for flower 
formation is 23 to 27°C, 23°C slightly better than 27°C and 
minimum exposure time of 50 days (Molina et al. 2004). 
Does that mean that the induction and development of SLS 

would be better at 25°C than that at 20°C? Though, there is 
no information available on this aspect, the incubation 
temperature used in later studies on SLS was 25°C or room 
temperature (Loskutov et al. 1999; Zeng et al. 2003). 
 
CONCLUSIONS 
 
Considerable progress has been made in saffron micropro-
pagation and SLS formation whereas studies on synthesis of 
metabolites in cell cultures are limited only to crocin pro-
duction (Table 2). Somatic embryogenesis, as a mode of 
propagation is still not very efficient because of low rate of 
induction of embryos in callus/cell cultures. The knowledge 
on possible role of oxidative stress (Kairong et al. 1999; 
Blazquez et al. 2009) and some chemicals (TDZ and NO3

- 
form of nitrogen) on improvement of embryogenesis may 
be useful to enhance embryo induction in vitro. 

At present, direct shoot induction followed by micro-
corm formation is an area that holds promise for commerci-
alization especially if genetically improved saffron corms 
(Agayev et al. 2009) are to be multiplied with in a short 
span of time. There are three areas of concern in this field 
which are required to be addressed to make this technology 
viable for micropropagation, i) sustained multiplication of 
shoots from tissue culture derived shoots, ii) development 
of large sized microcorms and iii) field evaluation of micro-
corms for agronomic performance. There is only a report on 
in vitro multiplication of tissue culture derived shoots 
(Sharma et al. 2008) and no report on evaluation of micro-
corms under field conditions. In addition to this, there is 
also a need to study effect of light and temperature on shoot 
induction and microcorm formation because interactions 
between growth regulators and temperature determine the 
efficacy of hormonal treatments whereas light either inhibit 
storage organ formation, or enhance it or has no influence 
(Steinitz and Yahel 1982; Slabbert and Niederweiser 1999; 
Lian et al. 2003). Physiology of corm induction in saffron is 
also different from genera like Watsonia vanderspuyiae 
(Ascough et al. 2008) and Dierama luteoalbidum (Madu-
banya et al. 2006) where GA3 promotes cormogenesis. In 
saffron, BA is a signaling molecule for cormogenesis and 
antigibberellic compounds promotes corm induction. High-
er cost of micropropagation in many plants acts as a main 
hindrance for commercialization. Some of the major contri-
butors of higher cost are sucrose and agar. One of the alter-
natives to reduce micropropagation cost in saffron is to 
switch to photoautotrophic micropropagation (not studied 
so far) and use of liquid medium. 

SLS (the organized tissues) are the best source for the 
biosinthesis of crocin, picrocrocin, crocetin and safranal by 
tissue culture, however, continuous production of high 
quality SLS in vitro in sufficient quantity is a challenge for 
commercial upgradation of this technology. If the current 
status of research on this aspect is an indicative, there is a 
possibility of surpassing the contents of crocin, picrocrocin, 
crocetin and safranal in SLS compared to natural stigmas. 
Precursors improve crocin synthesis in SLS and a rare earth 
element, Ce3+ enhances crocin production in cell cultures 
(Otsuka et al. 1992; Zeng et al. 2003; Chen et al. 2004). 
Using the method of Loskutov et al. (1999) and combining 
it with incubation under continuous light (Zeng et al. 2003), 
precursors and rare earth elements might lead to higher 
concentration of metabolites in SLS. In comparison to SLS, 
cell culture system for production of crocin, crocetin, 
picrocrocin and safranal has the advantage of upscaling by 
use of bioreactors. Improvisation of the current cell culture 
protocols based on factors like media, casein hydrolysate, 
precursors, heavy metals/rare earth elements, temperature, 
light and a two-stage culture system, all of which improve 
either cell biomass or crocin biosynthesis, is required to 
develop bioreactor-based system for commercial production 
of important saffron metabolites in cell cultures. The crocin, 
crocetin, picrocrocin and safranal in saffron stigmas are 
synthesized via the terpenoid pathway. Studies on gene 
expression in saffron (Alvarez-Ortí et al. 2004; Castillo et 
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al. 2005) are in infancy and none of the genes involved in 
biosynthesis of crocin, picrocrocin, crocetin and safranal 
has been isolated. The knowledge of these genes in the long 
run may open up the possibilities of improving yield of 
these metabolites in transgenic cells or plants. 

Scale up of saffron tissue culture technologies for com-
mercial exploitation in near future seems to be remote 
unless research efforts are intensified. Increasing industrial 
demand for crocetin esters, limited area under this crop and 
reduction in average yields during the recent years is expec-
ted strengthen research on production of crocin and other 

important metabolites of saffron stigmas in cell cultures or 
in SLS so that dependence on field grown saffron is mini-
mized. In addition to this, there is a need to exploit tissue 
culture techniques to generate somaclonal variants so that 
genetic base of this genetically uniform crop (Agayev et al. 
2009) may be widened and better yielding clones are gene-
rated. 
 
 
 
 

Table 2 Summary of in vitro research in Crocus sativus. 
Explants used Results References 
Callus/Somatic embryogenesis 

Corm Callus, shoots Ding et al. 1979 
Corm Callus, shoots Ilahi et al. 1987 
Corm Callus Isa et al. 1990 
Apical buds Callus, somatic embryogenesis George et al. 1992 
Corm Somatic embryogenesis Ahuja et al. 1994 
Ovary Callus, shoots Igarashi et al. 1994 
Corm, shoot, inflorescence, anthers Callus, somatic embryogenesis Milyaeva et al. 1995 
Ovary Callus Castellar and Iborra 1997 
Apical buda Callus, somatic embryogenesis Piqueras et al. 1999 
Shoots, corm Somatic embryogenesis Blázquez et al. 2004a, 2004b 
Callus Somatic embryogenesis Blázquez et al. 2004a, 2004b 
Shoot meristem Somatic embryogenesis Karamian 2004 
Buds Callus, shoots Sharma et al. 2005 
Apical bud Callus, protoplasts, somatic embryogenesis Darvishi et al. 2007 
Corm, shoots, inflorescence, ovary, flower, stigma Shoots, somatic embryogenesis Karaoglu et al. 2007 
Leaf Callus, somatic embryogenesis, shoots Raja et al. 2007 
Corm Callus, somatic embryogenesis, shoots, roots Sheibani et al. 2007 
Apical bud Callus Blázquez et al. 2009 

Protoplast culture 
Calli from corms Protoplasts, shoots Isa et al. 1990 

Direct shoot regeneration/ Microcrom formation 
Corm Shoots Homes et al. 1987 
Apical bud Shoots, microcorm Plessner et al. 1990 
In vitro shoots Microcorm Aguero and Tizio 1994 
Corm, shoots Shoots, microcorm, roots Milyaeva et al. 1995 
Ovary Shoots, microcorm Bhagyalakshmi 1999 
Somatic embryos Microcorm Piqueras et al. 1999 
Somatic embryos Microcorm Raja et al. 2007 
Shoots Shoots Majourhat et al. 2007 
Somatic embryos Microcorm Karaoglu et al. 2007 
Somatic embryos Microcorm Sheibani et al. 2007 
Corm, apical bud Shoots, microcorm Sharma et al. 2008 
Apical bud Shoots, plantlets Sharifi et al. 2010 

Stigma-like structure formation 
Ovary, stigma SLSb Sano and Himeno 1987 
Ovary, stigma SLS Himeno and Sano 1987 
Ovary Parthenocarpic fruit Chichiricco and Grilli Caiola 1987
Flower bud SLS Koyama et al. 1988 
Anthers, petal, stigma, half ovary SLS Fakhrai and Evans 1990 
Anthers, ovary SLS Sarma et al. 1990 
Anthers, ovary SLS Sarma et al. 1991 
Corolla, pistil SLS Ostuka et al. 1992 
Stigma, style, ovary, ovule, petal SLS Kohda et al. 1993 
Ovary SLS Castellar and Iborra 1997 
Half ovary SLS Loskutov et al. 1999 
Style, perianth SLS Ebrahimzadeh et al. 2000 
Stamen SLS Zhao et al. 2001 
Petal Petal-like structures, SLS Wang et al. 2002 
Petal, stigma, style SLS Zeng et al. 2003 
Style Flower Jun et al. 2007 

Metabolite synthesis in cell cultures 
Pistil Callus Hori et al. 1988 
Buds Callus Dufresne et al. 1997 
Petal Callus Zeng et al. 2003c 

Corm Callus Chen et al. 2003c 

Corm Callus Chen et al. 2004c 

aAlso termed apical meristem and consists an apical bud along with about 2 mm or larger sided cube of corm tissue. 
bSLS, stigma-like structures  
cOnly crocin production studied 
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