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Abstract

The saffron (Crocus sativus L.) propagation is limited by the low multiplication rate of corms in the fields
besides the problem of their infestation by pathogens. Somatic embryogenesis is one of the techniques that
offers great potential for production of healthy corms and large-scale propagation of saffron. In this
investigation, saffron corms from Meknes region (in north-west of Morocco) were used as source of explants.
The effect of various disinfection protocols containing mercuric chloride or potassium permanganate and
hormonal combinations on explants contamination rate, callogenesis, coloration, browning and capacity to
produce somatic embryos during culture were evaluated. The results showed that the highest concentrations
of mercuric chloride (0.6 and 1%) allowed respectively effective disinfection (6% and 0% contamination);
however, they inhibited the development of the explants. The potassium permanganate at 0.1% reduced
contamination to 14% but also reduced the percentage of callus induction and their embryogenic potential.
The highest rate of callus induction (96%) and embryo formation (81%) were obtained with Murashige and
Skoog medium supplemented with 1.0 mg L 2,4-dichlorophenoxyacetic acid and 1.0 mg L kinetin. The
different colorations of saffron callus observed which evolved during the advancement of cultures ages were
influenced by growth regulators and disinfection methods. In fact, disinfection protocols or hormonal
combinations that promoted callus induction and embryo formation presented lower browning and higher
percentage of whitish orange callus.

Keywords: callus coloration; Crocus sativus L.; disinfection agents; iz vitro culture; plant growth
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Introduction

Saffron (Crocus sativus L.) is renowned for its culinary uses and its medicinal proprieties. Its dried
stigmas constitute the most expensive spice in the world. Taliouine and Tazenakht are the main regions of
saffron production in Morocco. In recent years, other plantations have been rapidly established in various other
regions. One of these plantations is situated, in more than 800 km from Taliouine, in the Meknes region
(northwest of Morocco). The corms used in this study come from this region. Numerous problems affect the
saffron production for instance drought and climate change (Cardone ez al,, 2020), moreover, its cultivation

requires a large and qualified workforce (Aboudrare ez al, 2014). Saffron is a sterile triploid plant that
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propagates vegetatively via replacement corms that grow on the mother corms. Annually only 3-4 new daughter
corms are produced. The low rate of multiplication of corms in the fields along with the problem of their
infestation by pathogens (Bentata ez al., 2017), that causes corms rot and necrosis, reduce the availability of
material for new plantations as a consequence the production and development of saffron are limited. These
various constraints explain the use of iz vitro culture techniques. Organogenesis, and more particularly somatic
embryogenesis, are effective alternative methods for the propagation of this species with pure corms on a large
scale.

Contamination is a limitation in the iz vitro culture of saffron, especially when the bulbs are used as a
source of explants. The disinfection protocol must not affect the survival or development of the explants and
should be effective in removing contaminants (Teixeira da Silva ez al,, 2016b). The effectiveness of the
disinfection method depends on many parameters including the type of organ and the physiological state of the
starting plant material, the concentration and time of application of the disinfectant agent as well (Teixeira da
Silva, 2016a). Concerning the underground plant material obtaining a 0% in the contamination rate is very
difficult given that endogenous contamination can appear after 3-5 weeks of cultivation, for instance the case
of saffron corms (Karaoglu et 4/., 2007; Yasmin et 4/., 2013). Several sterilization protocols of saffron corms
have been tested and their effects on the contamination rate and the reactivity of explants have been studied
(Cavusoglu ez al., 2013; Taheri-Dehkordi ez al., 2020). However, to our knowledge, no data are provided
regarding the influence of these disinfection protocols on callus induction, their development, according to the
culture age, and their embryogenic potential have not been evaluated. The most commonly used disinfectants
in saffron bulbs are mercury chloride (HgCL), sodium hypochlorite (NaOCI), ethanol (EtOH), fungicides
such as (Benomyl, Rovral-TS, Carbendizime, Mancozeb) and hydrogen peroxide (H.O,) which are used in
different concentrations and exposure times (Teixeira da Silva, 2016a; Taheri-Dehkordi ez 4., 2020).

Similarly, the hormonal composition of culture media constitutes the most important factor, which
influences the explants development. In saffron, numerous studies have examined hormonal combinations and
their effect on the induction of callogenesis and somatic embryogenesis (George ez al., 1992; Raja ez al., 2007;
Sheibani ez al., 2007; Devi ez al., 2014; Vahedi et al., 2015; Lagram ez al., 2016; Verma et al., 2016; Chib ez a/.,
2020; Taheri-Dehkordi ez /., 2020; Ziaratnia et a/., 2021). The presence of auxin is important in the callus
induction (Ghiorghitd, 2019). It is essential for the establishment of cell polarity during embryogenesis (Bhatia
et Bera, 2015). Many studies have presented the importance of 2,4-dichlorophenoxyacetic acid (2,4-D) which
must be combined with Kinetin (KIN) or 6-Benzylaminopurine (BAP) for saffron embryogenic callus
induction (Bldzquez ez al., 2004; Raja et al., 2007; Blazquez et al., 2009; Vahedi ¢t al., 2015; Taheri-Dehkordi
etal.,2020). Other researchers obtained embryogenic callus by the use of «-naphthaleneacetic acid (NAA) with
6-Benzylaminopurine (BAP) (Karamian, 2004).

The somatic embryogenesis or organogenesis depend on the callus quality, which constitute an
intermediate step between the explant and these two biotechnology approaches in plants (Sarabandi ez 4/,
2024). One of the factors affecting callus quality is browning, which is a significant problem for 77 vitro culture
(Visvanath ezal., 1990). Browning hinders crop development and constitutes a major handicap of several plants
micropropagation. Some studies have focused on the mechanisms of this phenomenon in certain recalcitrant
plants such as Hevea brasiliensis (Housti et al., 1992), Taxus chinensis, and Glycyrrhiza inflata (Dong et al.,
2016). However, most works try to avoid or reduce this phenomenon by different ways (Arbaoui ez /., 2018;
Amente and Chimdessa, 2021; Permadi ez 4/., 2023 and 2024). In saffron, to our knowledge, the browning of
callus has not been evaluated, although it has been observed in some research (Ebrahimzadeh ez 4., 20005
Moradi et al., 2018).

Limited studies have been interested in the micropropagation of saffron in Morocco. The aim of this
investigation was to evaluate the effect of certain disinfectant agents such as ethanol and sodium hypochlorite
cither alone or in combination with mercuric chloride (HgCL) or potassium permanganate (KMnQs) on the
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disinfection and reactivity of explants from saffron corms, as well as on the induction of embryogenic callus.
The study of the effect of different hormonal combinations on callogenesis and the formation of embryogenic
callus was also carried out on saffron corms grown in the Meknes region (Morocco).

Materials and Methods

Disinfection treatments

The saffron bulbs were harvested in July from Ait Ouallal region located at (33°5028.536”N -
5°35'43.361”W), Meknes. After removing their tunic, corms were thoroughly washed under tap water and
soaked in ethanol 70% for 30 s then in sodium hypochlorite 50% for 15 min followed by treatment with
different concentrations of potassium permanganate (KMnOj) at 0.06%, 0.1% and 0.6% or mercuric chloride
(HgClL) at 0.2%, 0.6% and 1%. Afterward the bulbs of each treatment were rinsed three times with sterile
distilled water. Then they were cut into explants, which cultured in the Murashige and Skoog (MS) (1962)
medium supplemented with 1 mgL"'2,4-D and 1 mg L' KIN.

Hormonal treatments

Bulbs of saffron collected from the same region were washed with tap water and then immersed in
ethanol 70% v/v for 30 s followed by sodium hypochlorite 50% v/v for 15 min. Afterward, the saffron bulbs
were rinsed three times with sterile distilled water. The explants were cultivated in MS medium supplemented
with 30 gL sucrose and 8 g L' agar. Different hormonal combinations were used (Table 1). The medium pH
was adjusted to 5.8 by NaOH and HCL Then it was autoclaved at 120 °C for 20 min. The cultures were
incubated in the dark at 25 °C.

Table 1. Different hormonal combinations

Treatments Auxin Concentration (mg L) Cytokinin Concentration (mg L-')
1 1.0 1.0
2 2.0 KIN 0.5
3 2,4-D 1.0 1.0
4 2.0 BAP 0.5
5 2.0 1.0
6 1.0 1.0
7 2.0 KIN 0.5
8 2.0 1.0
9 ANA 1.0 1.0
10 2.0 BAP 0.5
11 2.0 1.0

Collection and statistical analysis of data

One explant was cultured in tube (150 mm * 22 mm) containing 20 mL of medium, and 50 explants
were used for each treatment. After 30 days of culture, the percentage of contamination and explant survival
were observed and recorded.

The percentage of callogenesis, embryogenic callus, tissue browning and the different colorations were
observed and evaluated during cultivation at 30, 45 and 60 or 70 days. The rate of embryogenic callus expresses
the frequency of callus forming globular embryos. The browning average rate was calculated after visual
estimation of each callus browning in the various treatments.

The one-way analysis of variance (ANOVA) of the data as well as the significant difference between the
means by the Duncan's Multiple Range Test (DMRT) (at p < 0.05) were carried out by the SPSS software. The
graphs were established by Microsoft office Excel 2016.
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Results

Effect of disinfection treatments

The various disinfection treatments were used to evaluate the explants responsibility and contamination
rate after 30 days of cultivation (Table 2). Both treatments (F and G) gave the lowest rates of contamination
(6% and 0% respectively), nevertheless, they did not allow the reactivity of explants and did not develop to
callus (Table 2). However, the treatment C presented 14% of contamination and maximum reactivity (100%).
While treatments D, E, B, and A also exhibited maximal explant reactivity, they had higher contamination rates
(24%, 26%, 40%, and 44%, respectively) compared to treatment C (Table 2).

Table 2. Percentage of contamination and survival of explants after different disinfection treatments for

30 days
Sodium Potassium Mercuric L. .
. ) Contamination Survival
Treatment Ethanol hypochlorite | permanganate chloride (%) (%)
(NaClO) (KMnOs) (HgCL)
A 70%; 30's 50%; 15 min 44 +7.09° 100*
0.06%; 1 )
B 70%; 30 s 50%; 15 min mf’n > 40+ 6.99“ 100*
C 70%; 30 s 50%; 15 min 0.1%; 15 min - 14+ 4.96 % 100¢
D 70%; 30 s 50%; 15 min 0.6%; 15 min — 24+ 6.10% 100
E 70%; 30 s 50%; 15 min - 0.2%; 15 min 26+ 627% 100
F 70%; 30 s 50%; 15 min - 0.6%; 15 min 6+3.40° 0’
G 70%; 30 s 50%; 15 min - 1.0%; 15 min 0« 0’

The value are means * standard error (SE). Letters *¢ indicate significant differences at the P < 0.05 among the
disinfection treatments by the Duncan test

Monitoring the development of explant showed that callogenesis was significantly influenced by the
different disinfection treatments. The best rate of callogenesis was obtained with treatment (A) regardless of
the age of the culture and it reached 60% at 60 days (Table 3). Approximately 44% of explants formed callus
after 60 days in permanganate treatments (B, C, and D), while only 29% did so in the lower HgCl
concentration treatment (E) (Table 3).

Table 3. Effect of different disinfection treatments on callogenesis and embryogenic callus at 30, 45 and
60 days after culture

Callogenesis (%) Embryogenic callus (%)
Treatments 30 days 45 days 60 days 45 days 60 days

A 15.84 +2.35° 46.86 +2.337 60.06 + 1.81¢ 13.86 + 2.33* 27.06 + 1.81¢
B 11.22 +2.23% 4224 +2.12° 44.88 +2.26" 924 +2.12° 11.88 +2.26"
C 9.90 +2.16 41.58 +2.07° 41.58 +2.07 8.58 +2.07° 8.58 +2.07*
D 9.90 +2.16" 33.66 £2.58" 44.88 +2.26 5.94+1.81° 11.88 +2.26'
E 4.62 + 1.64° 17.82 +£2.35° 29.04 +2.93¢ 0 5.28 + 1.73¢
F 0° 0 o 0 0
G 0 0? 04 0 0?

The value are means * standard error (SE). Letters *? indicate significant differences at the P < 0.05 among the
disinfection treatments by the Duncan test

A: ECOH (70%; 30 ) + NaClO (50%; 15 min); B: ECOH (70%; 30 s) + NaClO (50%; 15 min) + KMnOs (0.06%; 15
min); C: ECOH (70%; 30 s) + NaClO (50%; 15 min) + KMnOs (0.1%; 15 min); D: EcOH (70%; 30 s) + NaClO
(50%; 15 min) + KMnOy4 (0.6%; 15 min); E: EOH (70%; 30 s) + NaCIO (50%; 15 min) + HgCl (0.2%; 15 min);
F: EtOH (70%; 30 5) + NaClO (50%; 15 min) + HgCl: (0.6%; 15 min); G: EtOH (70%; 30 s) + NaClO (50%; 15
min) + HgClz (1.0%; 15 min)
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The initially white explants of saffron corms (Figure 1a) gave callus, which exhibited a remarkable
heterogeneity. At 30 days the callus disinfected without (treatments A) or with KMnOj (treatments B, C and
D) were yellow (Figure 1b) or yellow-orange (Figure 1c). It was noted that the higher percentage of yellow
callus in treatment (A) (59%) decreased while the lower rate of yellow-orange callus increased with the
augmentation in the KMnOy concentration. All explants treated with the lowest concentration of HgCl
(treatment E) already showed an orange coloration (Figure le¢) at 30 days (Figure 2), whereas those disinfected
with higher concentrations were completely necrotic.

The coloration of callus evolved with the age of culture since at 45 days, there is no observation of yellow
callus but rather the proliferation of callus with a whitish orange color (Figure 1d) which concerned 47% of
callus in treatment A (Figure 2). The rest being represented by yellow-orange callus (41%) and orange callus
(12%). In treatments with KMnOy, we noticed the disappearance of yellow and yellow-orange callus and the
appearance of whitish orange callus which represented respectively 28%, 27% and 17% in treatments (B, C and
D), orange callus (72%, 73% and 70%) in the same treatments and orange-brown callus (13%) (Figure 1f) in
treatment D (Figure 2). Callus of treatment E, all orange at 30 days, 55% remained orange and 45% turned
into orange-brown color. The high concentrations of HgCL, (treatment F and G) produced a very significant
necrosis of the explants (Figure 1g).

At 60 days, callus color has changed for all treatments compared to 45 days. In treatment A, we no longer
observed yellow-orange callus while the proportion of orange callus increased from 12 to 38% and that of
whitish orange callus from 47 to 63%. The use of KMnOj also led to a slight increase of whitish orange callus
in treatments B and C and a greater proliferation of these same callus in treatment D. A reduction of 2, 1.9 and
2.6 times in orange colored callus was also observed, respectively, to the benefit of orange and orange brown
callus of treatments B, C and D (Figure 2). In treatment E, we observed a decrease in the proportions of orange
and orange-brown callus compared to 45 days and appearance of 20% whitish orange callus.

Figure 1. Different colorations of saffron callus; a) Explant of saffron corms at the 1°" day of culture (DC);
b) Yellow callus of 2.0 mg L 2,4-D and 1.0 mg L' BAP at 28 DC; c) Yellow-orange callus of 1.0 mg L
2,4-D and 1.0 mg L KIN at 42 DC; d) Whitish-orang callus of 2.0 mg L' 2,4-D and 0.5 mg L' BAP at 53
DC; e) Orange callus of 2.0 mg L 2,4-D and 1.0 mg L' BAP at 49 DC; f) Orange-brown callus of 2.0 mg
L' NAA and 1.0 mg L BAP at 43 DC; g) Necrosis of the explant disinfected with treatment G at 42 DC;
h) Embryogenic callus of 1.0 mg L?2,4-D and 1.0 mg L' KIN at 70 DC
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Figure 2. Percentage of callus coloration at 30, 45 and 60 days after culture for the different treatments of
disinfection

A: EcOH (70%; 30 s) + NaClO (50%; 15 min
B: EtOH (70%; 30's) + NaClO (50%; 15 min) + KMnO4 (0.06%; 15 min)
C: EtOH (70%; 30's) + NaClO (50%; 15 min) + KMnOs (0.1%; 15 min)
D: EtOH (70%; 30 s) + NaClO (50%; 15 min) + KMnQOj4 (0.6%; 15 min)
E: EtOH (70%; 30 's) + NaClO (50%; 15 min) + HgCL (0.2%; 15 min)

. —

Embryogenic callus were already visible in treatments A, B, C and D from 45 days of culture, whereas in
treatment E embryogenic callus appeared only at 60 days with a low rate, which did not exceed 5% (Table 3).
For treatment A, the embryogenic callus percentage at 60 days was significantly higher (27%), compared to
treatments B, C and D whose embryogenesis rate was around 10%.

A more or less significant browning was observed depending on which treatment and which age of
culture. This phenomenon was more important at 45 and 60 days after culture in treatments B, C and D in
comparison to the treatment A, initially concerned the cells in contact with the culture medium and intensified
beyond 30 days in order to reach callus edges after 45 days and sometimes some region in callus surface at 60
days. During the callus culture (Figure 3), greater browning was observed whatever the concentration of HgClL.
However, it was much more intense for the two highest concentrations (treatments F and G) for which the
explants did not react.

100 ¢ c d-_d
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o 70
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30 Days 45 Days 60 Days
Disinfection treatments

Figure 3. Callus browning at 30, 45 and 60 days after culture for the different treatments of disinfection
Letters ** indicate significant differences at the P < 0.05 among the disinfection treatments by the Duncan test

A: EtOH (70%; 30 's) + NaClO (50%; 15 min); B: E€OH (70%; 30's) + NaClO (50%; 15 min) + KMnOs (0.06%; 15
min); C: EtOH (70%; 30 s) + NaCIO (50%; 15 min) + KMnQOjs (0.1%; 15 min); D: EtOH (70%; 30 s) + NaClO
(50%; 15 min) + KMnOs (0.6%; 15 min); E: EXOH (70%; 30 s) + NaCIO (50%; 15 min) + HgClz (0.2%; 15 min);
F: EtOH (70%; 30's) + NaClO (50%; 15 min) + HgCls (0.6%; 15 min); G: EtOH (70%; 30's) + NaCIO (50%; 15
min) + HgCl (1.0% ; 15 min)
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Effect of hormonal treatments

The observation of explants during culture evolution showed different results related to the nature and
the hormonal concentration of culture medium. Thus, among the four combinations used, the best rates of
callogenesis were obtained in 1.0 mg L 2,4-D with 1.0 mg L' KIN as well as in 2.0 mg L 2,4-D with 0.5 mg
L' KIN, they correspond to 18% and 21% at 30 days, 57% and 52% at 45 days and 96% and 91% at 70 days
respectively (Table 4). The highest rates of embryogenic callus (Figure 1h) were also obtained with these same
treatments, they was 55% and 47% at 45 days and 80% and 67% at 70 days of culture respectively (Table 4).
Concerning the three others hormonal combinations (2,4-D with BAP, NAA with BAP and NAA with KIN),
the best callogenesis rates at 45 days (38%, 44% and 48%) and at 70 days (65%, 80% and 80%) were respectively
obtained using the concentration 2.0 mg L™ with 0.5 mg L™ for each treatment. This concentration allowed
also obtaining the best rate of embryogenic callus for the same hormonal combinations respectively at 45 days
(29%, 23% and 33%) and at 70 days (48%, 58% and 44%) (Table 4). The lowest percentages of embryogenic
callus at 45 days (3%, 6% and 8%) and at 70 days (5%, 14% and 17%) were found in concentration 1.0 mgL"
with 1.0 mg L"of combinations NAA with KIN, NAA with BAP and 2,4-D with BAP respectively.

Table 4. Percentage of callogenesis and embryogenic callus for the different hormonal combinations at 30,
45 and 70 days after culture

Treatment Callogenesis (%) Embryogenic callus (%)
(mgL?) 30 days 45 days 70 days 45 days 70 days
1.02,4-D + 1.0 KIN 18.48 £2.34* | 57.42 +2.07" 95.92 + 1.58¢ 55.12 + 5.68° 80.56 + 4.78¢
2.0 2,4-D + 0.5 KIN 2112 £226° | S52.14+2.68" | 90.56+3.18% | 47.20+6.18 | 67.16+5.52%
1.0 2,4-D + 1.0 BAP 1122 £2.23% | 27.72+3.70¢ | 57.51 +5.38¢ 7.98 + 3.50° 17.22 + 4.47¢
2.0 2,4-D + 0.5 BAP 14.52 +2.34%4 | 3771 +3.97% | 65.24+5.80% | 29.22+5.60 | 47.92 + 6.61“
2.02,4-D + 1.0 BAP 8.58 +£2.07%% | 33.66+3.33% | 53.12+5.55 | 17.24+ 448 | 27.96 + 6.12%
1.0 NAA + 1.0 BAP 528+ 1738 | 3036+2.64¢ | 6436+5.07% | 594+ 2.44 13.90 + 3.30”
2.0 NAA + 0.5 BAP 12,54 +2.29%% | 43.56+2.90" | 79.30 £5.38%¢ | 23.18 £ 4.67*¢ | 57.84 +5.86"
2.0 NAA + 1.0 BAP 17.16 £2.36% | 41.58 +3.24 | 69.78 £ 4.89“ | 22.54 + 4.69% | 31.86 + 5.54%
1.0 NAA + 1.0KIN 330 + 1.41¢ 23.76 +£2.99 37.78 + 4.27¢ 3.30 + 1.41¢ 5.28 +1.73
2.0 NAA + 0.5KIN 14.52 +2.34% | 4752 +2.34" | 80.42+3.48" | 32.58+5.98" | 43.86+ 6.20%
2.0 NAA + 1.0KIN 726+ 1.95% | 34.32+2.98% | 71.16 548 | 13.20 £3.27% | 33.80 +5.24%

The value are means + standard error (SE). Letters *' indicate significant differences at the P < 0.05 among the

hormonal treatments by the Duncan test

The callus coloration evolved with the advancement of cultures age. At 30 days, three callus colors
yellow, yellow-orange and orange were observed. The yellow color (56% and 64%) dominated in the callus
population of treatment 2,4-D with KIN (1.0 mg L with 1.0 mg L and 2.0 mg L with 0.5 mg L") respectively
(Figure 4A). For the others combinations (2,4-D with BAP, NAA with BAP and NAA with KIN) the highest
rates of yellow callus were observed in concentration 2.0 mg L* with 0.5 mg L (43%, 25% and 43%)
respectively.

At 45 days, the yellow color was no longer observable whatever the treatment (Figure 4B). However,
two new colors whitish-orange and orange-brown were observed at this age. The yellow-orange coloration of
callus was absent in treatment 1.0 mg L 2,4-D and 1.0 mg L' KIN while it constituted (54% and 61%) in
treatment NAA with BAP (2.0 mgL"' with 1.0 mgL" and 2.0 mg L with 0.5 mg L") respectively. The highest
value of orange callus (52%) was obtained in treatment 1 mg L' NAA and 1 mg L" BAP. The whitish orange
color characterized the highest rates (63% and 69%) of callus in treatment 2,4-D with KIN (2.0 mgL" with 0.5
mg L' and 1.0 mg L with 1.0 mg L' respectively), while the orange-brown color concerned only 4% callus of
these same treatments. The highest percentage of orange-brown callus (37%) was observed in combination 1.0

mg L' NAA with 1.0 mg L' KIN.
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At 70 days, yellow-orange callus was no longer noted (Figure 4C). At this stage, a relatively significant
increase regarding the age 45 days, in whitish orange callus was observed for all treatments. The highest rates
(81% and 72%) were noted, respectively, in concentrations (1.0 mg L with 1.0 mg L" and 2.0 mg L with 0.5
mg L") of 2,4-D with KIN, while the lowest rates (27%, 25% and 7%) were obtained in concentration 1.0 mg
L" with 1.0 mg L" of treatments (2,4-D with BAP, NAA with BAP and NAA with KIN) respectively. A
relatively substantial rise in orange-brown callus was also detected for most treatments. Their highest
percentages (42%, 47% and 45%) were observed respectively in treatment NAA with BAP (1.0 mg L with 1.0
mgL" and 2.0 mg L" with 1.0 mg L") and in treatment 2,4-D with BAP (at 2.0 mg L" with 1.0 mg L") and
their lowest rates (7%, 12% and 16%) were noted respectively in treatment NAA with KIN (at 2.0 mg L with
0.5 mg L") and treatment 2,4-D with KIN (at 1.0 mg L' with 1.0 mgL" and 2.0 mg L' with 0.5 mgL"). The
change in the percentage of orange callus, compared to 45 days, depends on the hormonal treatment used. It
varied between 8% and 57% in 1.0 mg L™ 2,4-D with 1.0 mg L KIN and 1.0 mg L' NAA with 1.0 mg L" KIN

respectively.
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The development of callus browning depending on the age of culture was evaluated in the different
treatments (Figure 5). The type and concentration of hormonal combinations significantly influenced the rate
of browning. After 30 days of culture, this latter varied between 7% and 14% in treatments 2.0 mg L™ 2,4-D
with 0.5 mg L' KIN and 1.0 mg L' NAA with 1.0 mg L" BAP respectively. After 45 days of culture, an
augmentation of tissue browning percentage was observed in all treatments and it reached 32% in 1.0 mg L"
NAA with 1.0 mg L' KIN. At 70 days, a slight increase was obtained in 1.0 mg L 2,4-D with 1.0 mg L" KIN,
which exhibited the lowest browning rate (21%) (Figure 5).
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Figure 5. Callus browning at 30, 45 and 70 days after culture for the different hormonal treatments

Letters ** indicate significant differences at the P < 0.05 among the disinfection treatments by the Duncan test

Discussion

Several studies have been published last decades on the saffron micropropagation by different methods.
While, very few investigations regarding the use of these techniques for Moroccan saffron multiplication are
available (Lagram ef al., 2016; Lagram ez al., 2017; Tahiri ez al., 2023). Lagram ez al. (2016) have provided the
first study on the propagation by organogenesis of saffron corms from Taliouine region (Southeast of
Morocco). However, no research exists on the propagation of Moroccan saffron by somatic embryogenesis.

In the present study, the treatment with ethanol (70%; 30 s) followed by sodium hypochlorite (50%; 15
min) or in combination with HgCl, or KMnOy, at different concentrations were used to develop a protocol
for corms disinfection. Our results showed that HgCl, at high concentrations (1.0 and 0.6%) significantly
reduced contamination. However, it was found to be toxic since it negatively affected the viability of all explants
and the induction of callus. Compared to our results, the toxic effect of HgCl, and the necrosis of explants have
been observed on saffron corms treated with HgCl, with concentrations greater than 2% (Yasmin ez a/., 2013).
On saffron shoots, a concentration of only 0.1% HgCl, for 15 min already caused their necrosis (Mereu ez 4l.,
2019). From results, the HgCL, at lowest concentration tested 0.2% for 15 min presented 100% and 74% of
viable and uncontaminated explants respectively. Similarly, an effective asepsis and survival rate 86% of explants
was obtained with 0.1% of HgCL (2 min) followed by 4% of sodium hypochlorite (5 min) (Chib ez al., 2020).
Taheri-Dehkordi ez 4. (2020) reported that protocol containing 0.1% HgClL for 15 min followed by 0.05%
HgCl, for 5 min in addition to fungicides completely disinfect saffron corm explants with a survival rate of

86.67%.
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Treatment with ethanol (70%; 30 s) followed by sodium hypochlorite (50%; 15 min) and potassium
permanganate (0.1%; 15 min) resulted in the lowest contamination rate 14%, with 100% of survival.
Subramanya ez al. (2018) have studied the effect of potassium permanganate on the sterilization of coriander
leaves. They found that 0.1% of potassium permanganate solution was effective in reducing the bacterial load.
The potassium permanganate was also used at 0.03% with 5% (v/v) sodium hypochlorite (20 min), for the
disinfection of date palm shoots (Meziani ez a/., 2016). Disinfection treatments had significantly influenced
the contamination rate, explants viability, browning, callus induction and embryogenic potential.

Plant growth regulators and concentrations are the most important factors affecting callus induction.
The phytohormones most often used for callogenesis are 2,4-D and NAA as auxins, BAP and KIN as cytokinins
(Raja et al., 2007; Sharma and Piqueras, 2010; Vahedi ¢z al., 2015; Ahmadpoor ez al., 2022). In this study,
callogenesis was observed in all treatments with significantly different percentages between combinations. The
best callogenesis rate was 57.42% at 45 days and it reached 96% at 70 days in treatment 1.0 mg L" 2,4-D and
1.0 mg L' KIN. Lagram ez al. (2016) obtained the maximum callus rate with 1.0 mg L" 2,4-D and 1.0 mg L"!
BAP, in our results using this combination gave only 57.51% callus after 70 days of culture. According to
George ez al. (1992), the hormonal combination 2.0 mgL" 2,4-D and 0.5 mg L KIN presented the best rate
of callogenesis while in our study this treatment corresponded to the best results behind those carried out with
1.0 mg L' 2,4-D and 1.0 mg L KIN. Vahedi ez 4., (2015) also obtained the best callus induction rate (44%)
after 45 days with this combination from apical meristem. Other studies have shown that the best callogenesis
percentage was achieved with TDZ and NAA (Moradi ez al., 2018) or NAA and BAP (Moshtaghi, 2020).
Lagram ez al. (2017) reported that maximum callus initiation was attained with explants from the upper part
of corm tissue using 1 mg L' NAA and 1 mgL*' BAP.

Globular callus was induced at 45 days, the best rate (55.12%) was observed in combination 1.0 mg L™
2,4-D with 1.0 mg L" KIN. At 70 days, it reached (80.56%), in the same treatment. Blazquez ez a/. (2009) also
showed the appearance of nodular embryogenic callus after 6 weeks of culture but in 0.1 mg L 2,4-D with 1.0
mg L' BAP. In a study of Rajabpoor ez a/. (2007) the first globular embryos were observed at 70 days and the
best rate of embryogenic callus (93.3%), after 3 months, was obtained in 2.0 mg L 2,4-D with 1.0 mg L BAP.
However, in our work this combination gave only 27.96% at 70 days. Concerning the combination 2,4-D with
BAP, in our results, the best rate of embryogenic callus (47.92 %) was obtained in the concentration 2.0 mg L’
"with 0.5 mg L™ respectively. According to Taheri-Dehkordi ez /. (2020) the best frequency of embryogenic
callus (80%) in Crocus sativus was obtained after 160 days of culture in 10.18 uM 2,4-D with 4.44 uM BAP.
Moghbeli ez 4l. (2015) demonstrated that 2.0 mg L' BAP with increasing the concentration of 2,4-D from 0.5
to 5.0 mg L' resulted in large callus and the increase of NAA concentration reduced embryogenic callus.
According to the same authors, the best medium for embryogenesis was that with 3 mg L BAP without NAA
(Moghbeli ez al., 2015; Moshtaghi, 2020). Our results also showed that NAA reduced the embryogenic
potential of callus. Other studies have also reported the induction of embryogenic callus with 2,4-D and KIN
(Chaloushi ez al., 2007) and that of non-embryogenic callus with NAA and BAP (Darvishi ez al, 2007).
According to other authors, the best rate of somatic embryos in saffron has been rather obtained with other
types of hormonal regulators, such as IAA, TDZ and picloram (Sheibani ez al., 2007; Devi ez al., 2014).

The various callus colorations observed were significantly influenced by the disinfection methods and
the diverse hormonal combinations. These callus colorations could be due to the callus synthesis of dyed
molecules. Chib ez 4/. (2020) observed also a pale-yellow color in saffron callus, and attributed it to the release
of certain phenolic compounds. Studies have in fact indicated that saffron callus produced colored molecules
such as crocin and crocetin in low concentrations compared to those produced by natural or iz vitro-induced
stigmas (Visvanath ez 4/., 1990; Amini ez al., 2024). Abdullaev (2002) reported that the yellow-orange color of
saffron is mainly that of the a-crocin. When we try to establish a relation between the color and development
of callus with the rate of embryogenesis, we observed that embryogenic capacity of callus was negatively
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correlated with orange and orange-brown callus color. While it was positively correlated with yellow callus at
30 days. In addition, a strong positive correlation was found between whitish orange color and embryogenesis
both at 45 and at 70 days with correlation coefficients of 0.947 and 0.983 respectively. The treatments that
presented the higher percentage of whitish orange callus gave the higher rate of embryogenic callus and vice
versa. These results allow us to suppose that the callus at a certain moment in their evolution well before 30
days of the culture are oriented towards two different paths. Callus may develop a white upper part and the
majority of which gave pro-embryos. Otherwise, they produced the colored molecules a priori that
characteristic of saffron by offering orange and orange-brown callus, which were slightly or not embryogenic.
To our knowledge, no data are available on the effect of plant growth regulators or disinfection protocols
on the development of saffron callus browning at different ages of the culture. The results of this study as well
as the use of activated charcoal in the culture medium by several authors to improve the frequency of saffron
regeneration (Azadi ez l.,2017; Chib ez al., 2020) conform that saffron cultivation is facing this problem. Chib
et al.(2020) reported that activated carbon at 0.1 gL has a positive effect on the formation of somatic embryos
in saffron and also on the rate of micro-corms formed by decreasing the browning of tissues and medium,
phenolic exudations and peroxidase activity. Several studies have in fact reported the presence of phenolic
compounds in saffron (Moradi ez al., 2018; Moradi et al., 2020). Similarly, to our results Ahmadpoor ez 4/.
(2022) indicated that the browning rate of Melia azedarach L. explants was influenced by plant growth
regulators as well as disinfection treatments. Results showed that, at equal concentration between auxins and
cytokinin (1 mgL" and 1 mgL") at 70 days, the browning due to 2,4-D with BAP and to NAA with KIN was
twofold higher than that of 2,4-D with KIN. We observed also that, the percentage of browning was favored
by the medium containing NAA and BAP more than medium with 2,4-D and KIN. According to Ahmadpoor
etal., (2022), NAA also led to higher browning than the 2,4-D while contrary to our results, the browning was
greater with KIN than BAP. The type of cytokinin also influenced the browning of the date palm tissues
(Phoenix dactylifera L.) cv. ‘Boufeggous’, where TDZ increased the rate of browning compared to other
cytokinins (Mazri ez al., 2015). Furthermore, to the impact of the type of auxins and cytokinins on browning
their concentration had a significant effect as well. At 70 days, treatments with 2.0 mg L™ of auxin and 1.0 mg
L™ of cytokinin showed higher browning than that supplemented only with 0.5 mg L cytokinin. Increasing
the concentration of cytokinins BAP or KIN from 0.5 mg L to 1.0 mg L' promoted browning. Similarly, at
the concentration 3.0 mg L' of auxin, an increase in browning was observed with increasing the cytokinin
concentration from 1.0 to 3.0 mg L' (Ahmadpoor ez 4l., 2022). From our results, a very strong negative
correlation was observed between the browning of callus and their ability to produce embryos. If we take into
consideration all the hormonal combinations, the correlation coefficient was 0.895 at 70 days and it was
reached 0.992 if we consider the combinations whose auxin and cytokinin concentration was 1.0 mg L™

Conclusions

In this investigation, the different disinfection protocols and hormonal combinations tested influence
significantly the induction, embryogenic potential, browning and coloration of saffron callus. It has been found
that the HgCl, at high concentrations disinfected explants; however, it affected negatively their viability.
Treatments with KMnOy reduced contamination in concentration dependent manner. The best callus
induction and embryo formation were obtained with the combination 1.0 mg L' 2.4-D and 1.0 mg L KIN.
As well as a lower browning and the highest percentage of whitish orange callus were observed in treatments
that promoted callus induction and embryo formation. The orientation of callus to production of molecules
which allows their coloration seems to prevent the expression of their embryogenic potential.
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