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A B S T R A C T

Saffron (Crocus sativus L.) and its wild relatives, Crocus caspius and Crocus speciosus are of considerable significance
in the pharmaceutical, nutraceutical, and ornamental bulbs industry. Towards the ultimate goal of the conser-
vation of wild Crocus species and establishment of an efficient workflow for in vitro production of Crocuses,
efficient protocols were developed for disinfection and in vitro production of cormlets in C. sativus and its wild
allies C. caspius and C. speciosus. Moreover, the differential expression of the Somatic Embryogenesis Receptor-like
Kinase (SERK) gene was evaluated as a potential molecular marker during embryogenesis between embryogenic
and non-embryogenic calli. A highly efficient disinfection recipe and a low-cost TDZ-free protocol have been
successfully developed for in vitro cormlet production in three Crocus species. MS medium containing 10.18 μM 2,
4-D þ 4.44 μM BAP was most efficiently induced callus and somatic embryo formation. The highest conversion
frequency and maximum cormlet weight were achieved in MS containing 5.37 μM NAA þ 8.88 μM BAP. The SERK
expression was significantly much higher in embryogenic calli than non-embryogenic in all Crocus species. The
current low-cost and easy-to-use recipe suggests a promising in vitro propagation workflow for mass production of
uniform pathogen-free cormlets of Crocus species, as well as a platform to better conservation of wild Crocus
species and effective gene and genome editing using CRISPR-Cas9 in future studies.
1. Introduction

The Iridaceae family with more than 2,000 species and 70 genera is
divided into seven subfamilies based on DNA sequence data (Goldblatt
et al., 2006). Iridaceae is one of the most important families from orna-
mental and medicinal points of view. The secondary metabolites pro-
duced in this family are responsible as insecticidal, antifungal and
antibacterial and are involved in defenses against herbivores and mi-
crobial infections, and anti-inflammatory and antioxidant activities
which are important in medicine (Li and Vederas 2009). The genus
Crocus currently consists of about 100 corm-bearing, perennial species
distributed from central Europe, North Africa to Western China; the
center of species diversity is in Asia Minor and on the Balkan Peninsula
(Harpke et al., 2013). Many crocuses are well-known as ornamentals;
however, Crocus sativus L. (saffron), the most valuable spice in the world,
is the most renowned member of the Crocus genus (Negbi 1999). Saffron
is a sterile triploid (2n ¼ 3x ¼ 24) plant with a large genome size and a
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unique source of specific apocarotenoids, including crocin, picrocrocin,
and safranal, which contribute to its color, flavor, and aroma, respec-
tively (Tarantilis et al., 1995). These molecules have exceptional thera-
peutic characteristics such as anti-cancer and anti-tumor effects
(Rezaee-Khorasany et al., 2019).

Iran accounts for over 90% of the world's saffron production (Vahedi
et al., 2018). The relative advantages of saffron cultivation, such as
higher prices, low water requirements, adaptation to low-input systems,
and the opportunity of long-term exploitation with one-time cultivation,
have drawn farmers' attention to this precious crop. There is a growing
demand for saffron cultivation around the world, however, due to the
sterile nature of saffron, the only technique of propagation is clasically by
daughter corms forming below or on the sides of mother corms; the
mother corm thrives only for one growing season and produces 4–5
cormlets; therefore, the rate of propagation is relatively low. Moreover,
saffron sterility culminated in poor genetic variation and as a result,
limited the use of conventional breeding approaches; so, researchers are
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now trying to use alternative techniques such as biotechnological ap-
proaches. Recently, a successful CRISPR/Cas9 system was reported for
gene editing in saffron (Chib et al., 2020). Altogether, the use of tissue
culture for mass production of cormlets is inevitable; it also provides the
requisite platform for the improvement of saffron traits through molec-
ular breeding.

Besides Crocus sativus L., eight other Crocus species are growing wild
in Iran (Figure 1), including C. caspius, C. speciosus, C. cancellatus,
C. pallasii, C. almehensis, C. gilanicus, C. biflorus, and C. michelsonii
(Mathew 1983). Wild Crocus species are also of considerable importance
due to the following reasons: (1) their relevance to C. sativus (Fern�andez
2004), (2) theories of saffron origin and being considered as the saffron
parental species (Schmidt et al., 2019), (3) alternative sources for
extraction of apocarotenoids (Ordoudi et al., 2019), (4) many of these
species are on the verge of extinction in different countries (Fern�andez
2007), and (5) as ornamental bulbs as well as (6) pharmaceutical prop-
erties (Zengin et al., 2020). One of the primary objectives of the
convention on biological diversity is to achieve a significant reduction of
the current rate of biodiversity loss, such as plant taxa closely related to
Figure 1. Schematic view of eight Cr

2

species of specific socio-economic significance including food, condi-
ments, pharmaceutical products, and ornamentals (Maxted et al., 2007).
Improving attempts to systematically conserve plant genetic resources to
guarantee appropriate and representative diversity for future uses,
including breeding programs, is an essential step towards attaining this
objective (Fern�andez et al., 2011), and plant tissue culture has long been
considered as one of these approaches for ex situ plant conservation
(Niazian 2019).

A wide variety of microorganisms (bacteria, yeasts, filamentous fungi,
etc.), were considered as contaminants in vitro (Altan et al., 2010). As one
of the major considerations in plant tissue culture, successful disinfection
of explants would guarantee the establishment and maintenance of
plants. It should be noted that the contamination of corms and other
underground organs has been reported to be up to 100% (Yasmin et al.,
2013), so the development of an efficient disinfection protocol is more
crucial and a major concern for geophytes, especially Crocus species.

Different plant growth regulators (PGRs) are used in plant tissue
culture, and effective callogenesis relies on the appropriate combination
of these compounds. Owing to their pervasive role in cell cycle regulation
ocus species grown wild in Iran.
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and cell division control, auxins and cytokinins are essential factors in the
determination of embryogenic response (Francis and Sorrell, 2001). To
develop an efficient and practicable protocol with lower cost and due to
their reported better results in Crocus species (Gantait and Vahedi 2015),
2,4-dichlorophenoxyacetic acid (2,4-D), α-naphthalene acetic acid
(NAA), and Picloramwere selected as auxin sources and, cytokinins other
than thidiazuron (TDZ), i.e. N6-benzylaminopurine (BAP) and Kinetin
(Kin) were used. It is noteworthy to mention that the prices of BAP and
Kin compared with TDZ are around 30 times and 15 times lower,
respectively.

Somatic embryogenesis (SE) is a process that offers a valuable tool for
improving the genetics of distinct plant species and has considerable
interest in biotechnological applications (Chugh and Khurana 2002).
Data from several studies suggest that during plant embryogenesis, many
genes are specifically activated or differently expressed (Kumar and Van
Staden 2019). It has become apparent that a group of receptor-like ki-
nases (RLKs) which contain leucine-rich repeats (LRRs) in their extra-
cellular domain controls the molecular events leading to the
development of somatic embryos. RLKs form a broad gene family
responsible for diverse processes of signal transduction. The main group
of RLKs includes leucine-rich-repeat RLKs (LRR-RLKs) (Tichtinsky et al.,
2003). Somatic Embryogenesis Receptor-like Kinase (SERK) gene be-
longs to the group of highly conserved leucine-rich receptor-like kinase II
(LRRII-RLK) (Hecht et al., 2001). SERK is reported to play a significant
role among the genes engaged in plant embryogenesis and the early
expression of the SERK gene is closely correlated to the formation of
embryogenic cells in many plant species (Kumar and Van Staden 2019).
SERK gene expression is considered a molecular marker of competent
somatic embryogenic cells (Salaj et al., 2008). Elucidation of the essential
molecular events that contribute to SE has the potential to improve the
methods of propagation for in vitro culture specifically in recalcitrant
plants (Mahdavi-Darvari et al., 2015).

Research to date has tended to focus on saffron tissue culture rather
than Crocus wild species, and much less is known about SERK gene
expression during somatic embryogenesis in saffron and its wild rela-
tives. The primary objective of this paper was, therefore, to develop an
efficient low-cost, and easy-to-use protocol for disinfection of corms as
well as in vitro mass production of cormlets in saffron and its wild allies
C. caspius and C. speciosus. Besides, the expression of SERK gene was
assessed in embryogenic and non-embryogenic calli of three Crocus
species to provide a preliminary view of the SERK expression as a
probable molecular marker of embryogenesis in Crocus species. Our later
objective was to develop a platform to better conservation of wild Crocus
species and effective gene and genome editing using molecular tools such
as CRISPR-Cas9 in future studies.

2. Materials and methods

2.1. Explants and surface sterilization

Corms of C. sativus L. (Ghaenat accession), C. speciosus, and C. caspius
were collected from the research farm and Botanical Garden of the
University of Tehran, Karaj, Iran, respectively. Six different protocols
were utilized to optimize the sterilization procedure (Table 1). The
experiment was carried out as a completely randomized design with five
replicates per treatment and three corms in each replicate. The per-
centages of contamination (Eq. 1) and explant survival (Eq.2) were
recorded after four weeks.

Contamination ð%Þ¼ number of contaminated explants
total number of explants cultured

� 100 (1)

Explant survival ð%Þ¼ number of survived explants
total number of explants cultured

� 100 (2)



Table 2. Effects of different combinations of PGRs on the frequencies of callus induction, embryogenesis, and the number of somatic embryos per explant in Crocus
species.

Crocus species Concentration of PGRs (μM) Mean � SE

2,4-D Picloram BAP Kin Frequency of Callus induction Frequency of embryogenic callus Number of somatic embryos per explant

C. sativus 0.0 0.0 0.0 0.0 0.00 e 0.00 f 0.00 f

10.18 - - 2.32 80.0 � 4.5 b 65.0 � 6.12 b 4.3 � 1.92 b

10.18 - 4.44 - 100.0 � 0.00 a 80.0 � 5.0 a 6.45 � 2.88 a

- 2.07 - 1.16 65.0 � 5.5 c 55.0 � 5.0 bcd 3.90 � 1.74 c

C. caspius 0.0 0.0 0.0 0.0 0.00 e 0.00 f 0.00 f

10.18 - - 2.32 45.0 � 5.00 d 40.0 � 6.12 e 1.3 � 0.12 e

10.18 - 4.44 - 70.0 � 5.00 bc 60.0 � 5.16 bc 2.22 � 0.09 d

- 2.07 - 1.16 60.0 � 6.12 c 50.0 � 0.00 cde 1.7 � 0.2 e

C. speciosus 0.0 0.0 0.0 0.0 0.00 e 0.00 f 0.00 f

10.18 - - 2.32 40.0 � 6.12 d 42.66 � 6.93 e 1.3 � 0.2 e

10.18 - 4.44 - 45.0 � 5.00 d 48.06 � 5.21 de 1.6 � 0.41 e

- 2.07 - 1.16 0.00 e 0.00 f 0.00 f

In each column, means with the same letters are not statistically different according to Duncan's multiple range test at p < 0.05.
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2.2. Media preparation

The MS (Murashige and Skoog 1962) supplemented with vitamins
(Duchefa Biochemie, Netherlands), 3% (w/v) sucrose (Duchefa Bio-
chemie, Netherlands), and 0.8% (w/v) agar (Duchefa Biochemie,
Netherlands), was used as the basic culture medium. The pH was
adjusted to 5.8, before autoclaving at 121 �C for 20 min.
2.3. Callus induction and somatic embryogenesis

Rectangular slice of sterilized healthy corms (four slices per replicate
and five replicates per treatment) were cultured on MS media supple-
mented with different combinations of plant growth regulators (PGRs)
(Sigma-Aldrich, USA), as shown in Table 2. The cultures were maintained
at 25 � 2 �C in darkness and the frequency (%) of callus induction was
recorded after 60 days of induction (doi). Clumps of calli (0.5 g each)
were subcultured at 4-week intervals. Embryogenic calli were transferred
to a PGR-free MS medium after 120 days. Non-embryogenic calli were
spongy and amorphous, while the appearance of embryogenic calli was
nodular and translucent (Sharifi et al., 2012). The frequency of
embryogenic callus induction and the number of somatic embryos per
explant were also determined after 160 doi using a binocular microscope
(Zeiss Stemi SV6, Germany).
Table 3. Effects of PGRs on cormlet production and cormlet weight in Crocus species

Crocus species Concentration of PGRs (μM)

NAA BAP 2,4-D

C. sativus 0.0 0.0 0.0

2.69 9.99 -

5.37 8.88 -

- 8.88 2.26

C. caspius 0.0 0.0 0.0

2.69 9.99 -

5.37 8.88 -

- 8.88 2.26

C. speciosus 0.0 0.0 0.0

2.69 9.99 -

5.37 8.88 -

- 8.88 2.26

In each column, means with the same letters are not statistically different according

4

2.4. Somatic embryo germination and cormlet production

To estimate the conversion frequency of somatic embryos into
cormlets, well-developed somatic embryos were transferred to MS me-
dium containing different PGR combinations (Table 3). Explants were
maintained at 25 � 3 �C in 16 h light: 8 h dark photoperiod under 50
μmol m�2 S�1 cool white fluorescent light. To ensure the proper growth
of the embryos, regular sub-culturing was performed at intervals of four
weeks. The conversion frequency of somatic embryos into cormlets and
the weight of cormlets per explant were recorded at the end.
2.5. SERK gene expression

To investigate the SERK expression among different Crocus species,
both non-embryogenic and embryogenic callus samples were collected
from the culture media supplemented with 10.18 μM 2,4-D þ 4.44 μM
BAP after 120 doi. Samples were quickly frizzed in liquid nitrogen and
stored at -80 �C before RNA extraction. Total RNA was extracted (18
samples) using the NucleoSpin® RNA Plant Kit (Macherey-Nagel, Ger-
many), according to the manufacturer's instructions. cDNAs were syn-
thesized using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, USA) after DNase I (Thermo Fisher Scientific, USA). To
check the cDNAs, a PCR reaction was performed using rbcL reference
.

Mean � SE

Conversion frequency of somatic embryos into cormlets Cormlet weight (g)

0.00 c 0.00 f

69.09 � 2.04 a 1.69 � 0.07 b

72.1 � 2.42 a 1.87 � 0.06 a

67.63 � 4.69 a 1.62 � 0.02 b

0.00 c 0.00 f

50.0 � 0.00 b 0.86 � 0.05 cd

64.85 � 4.17 a 0.96 � 0.1 c

53.33 � 3.33 b 0.83 � 0.03 d

0.00 c 0.00 f

53.33 � 3.33 b 0.68 � 0.03 e

55.43 � 6.33 b 0.79 � 0.12 de

0.00 c 0.00 f

to Duncan's multiple range test at p < 0.05.



Figure 2. Contamination and survival rates of Crocus corms were sterilized with different disinfection protocols 1–6. (A, B) C. sativus (C, D) C. caspius (E, F)
C. speciosus. Data are shown as means � SE. Significant differences are indicated by horizontal capped bars. *: statistically significant with p-value <0.05; **
statistically significant with p-value <0.01.
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gene primers (forward 50-CTACTGGTACATGGACAACTG-30 and reverse
50- AATTGATTTTCTTCTCCAGCAACG-30). Q-RT-PCR was performed in
triplicate using RealQ Plus 2x Master Mix Green (Ampliqon, Denmark).
The following SERK primer sequences were used to amplify the partial
sequence of SERK gene: Forward: 50-GCTAAAATGGAAGGTGATGC-30

Reverse: 50GCATTTCCAAGATCAACTC-30 in three Crocus species. Q-RT-
PCR was performed using the Step One Real-Time PCR system (Applied
5

:

Biosystems, USA) as the following PCR profile: an initial activation step
at 95 �C for 15 min, and 40 PCR cycles of denaturing at 95 �C for 15 s,
annealing at 58 �C for 30 s, and extension at 72 �C for 20 s followed by
melting curve stage of 95 �C and 70 �C. The relative gene expression was
calculated using the ΔΔCT method. All data were normalized against
rbcL (as an internal control) and then the fold-changes in the SERK gene
expression were measured.



Figure 3. Schematic view of different developmental stages of somatic embryogenesis and cormlet production in C. sativus (a1-a8), Crocus caspius (b1-b8), and Crocus
speciosus (c1-c8) in MS medium supplemented with 10.18 μM 2,4-D þ 4.44 μM BAP. emc; embryogenic callus, n-emc; non-embryogenic callus, gl; globular embryo, se;
somatic embryo, cor; cormlet, Lls; leaf-like structure. (Bar ¼ 10 mm).
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Figure 4. Relative expression of SERK gene in embryogenic (emc) and non-embryogenic (n-emc) calli of different Crocus species. Each point represents the mean of
three replicates with error bars representing the SE. The rbcL was used as internal control and SERK expression in C. sativus non-embryogenic calli was considered as
the control. Different letters above bars indicate significant differences according to Duncan's multiple range test at p < 0.05.
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2.6. Statistical analysis

Statistical analysis was performed using SPSS, version 25 (IBM, New
York, USA). The data were represented as the mean � SE, and the values
were subjected to analysis of variance (ANOVA) followed by Duncan
Multiple Range Test as a post-hoc analysis. In the case of surface steril-
ization, data were analyzed using the Kruskal-Wallis test followed by
Dunn's post-hoc test. A probability level of P � 0.05 was considered
significant.

3. Results

3.1. Disinfection efficiency

To investigate the efficiency of different disinfection protocols, corms
were sterilized using six different recipes. No contamination was recor-
ded while corms of C. sativus were sterilized using protocol 6; however,
other protocols resulted in over 50% contaminations (Figure 2A).
Treatments with protocols 1–5 resulted in 73.3%, 86.7%, 53.3%, 60%,
and 53.3% contamination, respectively. There was a significant differ-
ence (Kruskal-Wallis H ¼ 20.48, df ¼ 5, p ¼ 0.001) between protocol 6
and protocol 1 and 2. In C. sativus the highest survival rate (86.67%), was
observed in protocol 6, while the lowest survival rate (13.33%) belonged
to protocol 2 (Figure 2B). Results represented the efficiency of protocol 6
which effectively disinfected C. sativus corms and resulted in over 85%
survival rate.

In C. caspius, and C. speciosus, protocols 1–4 failed to disinfect the
corms which resulted in 100% contamination; however, the contami-
nation was effectively controlled using protocol 6 (Figures 2C and 2E).
The survival rate of C. caspius and C. speciosus was 80% and 86.67%,
respectively using this protocol (Figures 2D and 2F).
3.2. Callus induction

The effects of different combinations of PGRs were studied on fre-
quencies of indirect callus induction and embryogenesis in three Crocus
species (Table 2). Explants neither induced callus nor calli-like structures
in MS medium without any PGRs and turned necrotic after 4 weeks in all
three species. In C. sativus, after 4 weeks, calli were developed in all the
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PGR combinations; however, the highest frequency of callus induction
(100%) was observed in MS containing 10.18 μM 2, 4-D þ 4.44 μM BAP
(Figure 3 a1-a8). Callus induction was observed in C. caspius and
C. speciosuswithin 6 and 8 weeks, respectively. Compared with C. sativus,
in these species, a lower callus induction frequency (45–70%) was
observed in the same medium (Figure 3 b1-b8; c1-c8). The minimum
callus induction (40%) was observed in C. speciosus using MS supple-
mented with 10.18 μM 2, 4-D þ 2.32 μM Kin. MS containing 2.07 μM
Picloram þ 1.16 μM Kin was unable to induce any callus in C. speciosus.

3.3. Somatic embryogenesis, germination, and cormlet production

As shown in Table 3, calli were subsequently developed into somatic
embryos; the first embryogenesis response was observed in C. sativus
within 4 weeks. The other species have shown a later response; the first
response for C. caspius and C. speciosus was observed within 8 and 10
weeks, respectively. In all species, explants in the MS medium supple-
mented with 10.18 μM 2,4-D þ 4.44 μM BAP showed the earliest
response and the subsequent growth patterns of the explants were
stronger than other PGR combinations. The highest average number of
somatic embryos in C. sativus (6.45), C. caspius (2.22), and C. speciosus
(1.6) was obtained using MS containing 10.18 μM 2,4-D þ 4.44 μM BAP.
In the present research, after the transition of the calli to a PGR-free
medium, somatic embryos were further developed and increased in
size. Globular embryos were prevalent; embryos, individually or as
clusters, were white or pale yellow, small, and globular in shape. Glob-
ular somatic embryos with a soft and shiny appearance have further
developed into somatic embryos. In the next stage, the somatic embryos
were germinated and the shoots were developed within 4 weeks. After
2–3 weeks, the base of the shoots began to swell, which is an indicator of
the development of the cormlet. Finally, after the formation of cormlets,
the shoots were dried and well-developed cormlet tunics were observed
after 10–12 weeks. As shown in Table 3, the conversion frequency of
somatic embryos into cormlets in C. sativus ranged from 67.63 to 72.1%;
however, there were no significant differences among three combina-
tions of PGRs on cormlet production in C. sativus; although, the maximum
cormlet weight (1.87 g) was obtained using 5.37 μMNAAþ 8.88 μMBAP
compared to 0.96 g in C. caspius and 0.79 g in C. speciosus.
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3.4. SERK gene expression

The SERK relative expression was analyzed after 120 doi. As shown in
Figure 4, the SERK expression level manifested a significant change in
embryogenic calli compared to non-embryogenic calli. SERK expression
level was much higher (8.5-fold) in embryogenic calli of C. sativus than in
C. caspius (3.8-fold) and C. speciosus (2.8-fold).

4. Discussion

In the present study, the major aim was to develop a promising low-
cost and easy-to-use recipe for disinfection of the Crocus corms as a
crucial step of an in vitro propagation workflow, as well as a platform to
better conservation of wild Crocus species and effective regeneration
protocol towards gene and genome editing of Crocuses in future studies.
Although a few studies reported bleach and ethanol as the only in-
gredients for the disinfection procedure (Freytag et al., 2017), according
to our results, common surface sterilizers such as sodium hypochlorite
and ethanol are not effective to control contamination of Crocus corms,
particularly wild C. caspius and C. speciosus. The major problem with
hypochlorites is their instability and sensibility to light (Connell 2006). It
has also been reported that hot water (40 �C) could decrease the
contamination of Lilium explants (Langens-Gerrits et al., 1998); however,
although heat treatment in combination with sodium hypochlorite and
ethanol slightly reduced the contamination in this study, there were no
significant differences between protocol 1 using heat treatment and
protocol 2. Due to the health hazards of heavy metals, it is recommended
to use disinfection methods without HgCl2, so we have tried different
protocols without HgCl2 but they have not been successful. In a similar
study on Crocus vernus, 100% contamination-free corm explants have
been obtained using 2.0% (v/v) NaOCl for 10 min followed by treatment
with 0.01% (w/v) HgCl2 for 15 min (Sivanesan et al., 2014). By raising
the concentration of HgCl2, the level of contamination would decrease;
where the maximum disinfection rate was obtained by using 1.6% HgCl2
(Yasmin et al., 2013); however, in the current study, the use of lower
concentrations of HgCl2 (0.1 % (w/v) for 15 min and 0.05 % (w/v) for 5
min) culminated in completely disinfected explants demonstrating the
significance of concentration and exposure time which are reported in
previous studies (Hesami et al., 2018).

The survival rate of explants is known to be a crucial factor in any
disinfection process (Hesami et al., 2019). In the present study, the sur-
vival rate of explants ranged between 80-86.67%. Approximately 81% of
survival rate was reported in a similar study utilizing 0.1% (w/v) car-
bendazim, 0.2% (w/v) mancozeb followed by 50% (v/v) sodium hypo-
chlorite and 1.6% (w/v) mercuric chloride in C. sativus (Yasmin and
Nehvi 2014). The use of 0.1% mercuric chloride followed by 4% sodium
hypochlorite resulted in 86% survival rate in C. sativus (Chib et al., 2020).
Results showed that the development of disinfection protocols for wild
crocus species is more challenging than C. sativus, maybe because of their
recalcitrant nature.

A variety of factors can affect the efficiency of disinfection including
cultivation condition, the physiological condition of the mother plant,
age, type and size of the explants as well as concentration of disinfectants,
temperature, and exposure time (Teixeira da Silva 2016). While the
higher concentration of disinfectants, as well as longer exposure time,
can increase the asepsis condition, it has a detrimental impact on the
survival of the explants and can raise the costs from a commercial point of
view. Thus, in this research, we have tried to develop an inexpensive,
effective, easy-to-use disinfection protocol for Crocus corms that can be
carried out even by inexperienced tissue culture personnel.

Because of the recalcitrant nature of geophytic species such as Cro-
cuses, it is of great importance to consider the conditions of in vitro cul-
ture including the concentration of PGRs. The first step towards indirect
cormlet production is callogenesis. Due to ease of availability, several
researchers have preferred the use of leaf and shoot explants. Many re-
searchers have also tried to set up in vitro regeneration using the plant's
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reproductive parts such as stigma, style, ovary, and whole bud (Ahmad
et al., 2014). In the present study, corm slices were used as explants due
to their availability during the year, a good source of meristematic cells
and vascular tissues that could lead to the formation of organ primordia
(Blazquez et al., 2009). We have successfully induced the callus from
corm slices in all three studied Crocus species using different combina-
tions of auxins and cytokinins. These PGRs are responsible for the control
of plant cell differentiation, and their ratio is important especially during
the initial stages of morphogenesis (Jim�enez 2005). In this study, the
medium supplemented with 10.18 μM2,4-Dþ 4.44 μMBAPwas found to
best support the callus induction and somatic embryogenesis. It was re-
ported that 0.25 mg/L 2,4-D þ 1 mg/L BAP showed the best results for
callus initiation and callus growth in Crocus (Zeybek et al., 2012); while 4
mg/L NAAþ 4 mg/L TDZ was proved to successfully induce callus in five
Crocus species (Verma et al., 2016). In another report, over 70% callus
induction was achieved using MS medium containing 0.5 mg/L 2,4-D, 1
mg/L BAP and 1 mg/L IAA (Chib et al., 2020). It is also reported that
higher levels of auxin relative to cytokinin had increased somatic
embryogenesis in the Ajowan calli (Carum copticum L.) (Niazian et al.,
2017).

Our findings demonstrated that different Crocus species respond
differently to the concentration and type of PGRs (Karamian and Ebra-
himzadeh 2001). Although it was reported that Picloram in combination
with other PGRs improved callus induction (Ahmed et al., 2011), how-
ever, by using 2.07 μM Picloram þ 1.16 μM Kin the lowest or no callus
induction was observed. Overall, the MSmedia supplemented with 10.18
μM2,4-Dþ 4.44 μMBAP showed the best results followed by 10.18 μM2,
4-D þ 2.32 μM Kin and 2.07 μM Picloram þ 1.16 μM Kin.

In many plant species, the concentration of auxin is essential for the
induction of somatic embryos. Moreover, the distribution of auxin in
plant tissues is essential for multiple developmental aspects, including
embryo development (Su et al., 2011). In Crocus tissue culture,
embryogenic calli develop under different PGR concentrations; some
papers mention the importance of IBA (Zeybek et al., 2012), whereas
others emphasize the use of cytokinin without IBA (Sharma et al., 2008).
In this research, we used different combinations of auxins (NAA and 2,
4-D) and cytokinin (BAP) for somatic embryo development and cormlet
production. The use of 5.37 μMNAAþ 8.88 μMBAP successfully resulted
in somatic embryo germination and cormlet production in all three
species. Although the previous reports indicated that ABA is required for
the development of somatic embryos (Verma et al., 2016), in this study
the use of a medium without ABA for the development of embryos
showed similar results; however, further research is needed to investigate
the role of ABA in the development Crocus embryos. The morphology of
embryogenic calli and somatic embryos developed in this study was
consistent with previous studies on C. sativus (Blazquez et al., 2009). The
maximum number of somatic embryos in all three species was observed
in MS medium supplemented with 10.18 μM 2, 4-D þ 4.44 μM BAP. So it
is apparent that an appropriate balance between auxin (2, 4-D) and
cytokinin (BAP) is required for somatic embryogenesis in crocus species.
Verma et al. (2016) reported that auxin (NAA), cytokinin (TDZ), and ABA
are required for somatic embryo development in crocus species. In
C. sativus, somatic embryo maturation was performed in a medium using
ABA (Karamian 2003), and the germination of somatic embryos was
performed in either a PGR-free medium (Sheibani et al., 2006) or a
medium supplemented with GA3 (Vatankhah et al., 2010). It is reported
that auxin concentration has a direct effect on the conversion frequency
of somatic embryos into plantlets (George and Capen 1993). In the pre-
sent study, MS medium without PGRs was used for somatic embryo
maturation and further somatic embryo germination was performed
using different combinations of auxins (2,4-D and NAA) and cytokinin
(BAP); however, in another study, researchers combined two stages using
MSmedium supplemented with 1.75mg L�1 ABAþ 0.5 mg L�1 BAPþ 20
mg L�1 GA3 (Raja et al., 2006). Half strength MS medium without PGRs
was also used for somatic embryo maturation (Ebrahimzadeh et al.,
2000). Mir et al. (2014) obtained the maximum number of cormlets (10)
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and the maximum weight (1.54 g) in C. sativus using MS medium sup-
plemented with 2 mg/L BAP þ 0.5 mg/L NAAþ 1.5 mg/L paclobutrazol.
In the present study by using 5.37 μM NAA þ 8.88 μM BAP we obtained
the higher cormlet weight (1.87 g). It has been shown that a high cyto-
kinin/auxin ratio is crucial for plant regeneration and cormlet production
in Crocus species; In their research, the maximum number of cormlets
(6.1) in Crocus vernuswas obtained using SH medium supplemented with
2.0 mg L�1 BA and 0.5 mg L�1 NAA (Sivanesan et al., 2014). Our results
represented the successful conversion of somatic embryos into cormlets
in C. sativus as well as C. caspius and C. speciosus.

SERK plays an important role amongst the genes involved in SE in-
duction and it has great importance regarding somatic embryogenesis
(Somleva et al., 2000). The first report of the SERK gene is related to
embryogenic carrot cells (Schmidt et al., 1997) and its expression has
been linked to SE in several species including Helianthus annuus (Thomas
et al., 2004), and Cedrela odorata (Porras-Murillo et al., 2018). SERK
overexpression is documented to improve the efficiency of somatic
embryogenesis whereas its down-regulation has a negative impact (Hu
et al., 2005). In a recent study, it has been reported that the SERK gene
has a role in the somatic embryogenesis of the oil palm by triggering
cellular reprogramming for the formation of callus (Lee et al., 2019).

In the present study, the SERK gene was induced in embryogenic calli
but not in non-embryogenic calli which is in agreement with the previous
report (Santos et al., 2018). The higher expression levels of the SERK
gene in C. sativus may explain the observed higher callus induction fre-
quencies in C. sativus and its overall in vitro culture efficiency. These
findings could indicate the role of SERK in embryogenesis in Crocus
species and are consistent with previous results in other species (Por-
ras-Murillo et al., 2018). Zhang and coworkers (2011) stated that auxin,
alone or in combination with cytokinin, upregulates SERK expression,
but it depends on the species. Our results are in line with those of the
previous studies on various species (Ma et al., 2012) and it provides
additional evidence for the participation of the SERK gene in somatic
embryogenesis in Crocus species. The SERK gene is known to be a con-
ventional molecular marker for somatic embryogenesis (Talapatra et al.,
2014) and, the observed higher expression of the SERK gene in the
embryogenic callus of Crocus species suggests that it could be a good
molecular marker for the embryogenesis potential in Crocus species.

5. Conclusion

Efficient protocols were developed for disinfection and in vitro pro-
duction of cormlets in C. sativus and its wild allies C. caspius and
C. speciosus. SERK gene expression profile was also proposed as a po-
tential marker during embryogenesis in Crocus species. Due to the
pharmaceutical and economic importance of the saffron and wild Crocus
species, there is a high demand for the propagation of uniform pathogen-
free corms. Our recipe suggests a promising robust in vitro propagation
workflow not only for the production of uniform pathogen-free cormlets
but also provides a platform to better conservation of wild Crocus species
and effective gene and genome editing using CRISPR-Cas9 in the future,
which requires proficient callus production and embryogenesis.
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