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Summary 

A protocol has been developed for somatic embryogenesis and plant regeneration of the garlic (Allium sativum L.) variety “Rouge de la Réunion”. Young leaf sections from disinfected cloves or root sections from in vitro plants were used as explants source. Callus was produced on these explants cultured on two successive induction media, respectively for one and two months. They consisted of B5 medium supplemented with 2,4-D (0.5 or 1.0 mg l-1), AIA (0.2 mg l-1), ANA (0.2 mg l-1) and kinetin (0.1 mg l-1). 

Callus production was optimal on explants derived from root sections, but callus from young leaves expressed higher embryogenic potential. Up to 75% of such embryogenic callus differentiated globular somatic embryos after 2 months on B5 medium supplemented with 2,4-D (0.1 mg l-1) and kinetin (0.5 mg l-1). These embryos matured on a BDS medium with BAP (2.5 mg l-1) and ANA (0.5 mg l-1) for two months. Up to thirty percent of the somatic embryos were converted into plants with shoots and roots after 8 weeks on a BDS medium with BAP (0.3 mg l-1). Histological analysis was performed along the regeneration and confirmed the somatic origin of the embryos. Plants were successfully acclimatised in greenhouse.
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Abbreviations: 2,4-D:dichlorophenoxy acetic acid, BAP: 6-benzyl aminopurine, NAA:(-naphtaleneacetic acid, IAA:(-indolacetic acid, kin: kinetin, MS: Murashige and Skoog medium, B5: Gamborg’s basal medium, BDS: Dunstan and Short medium
Introduction

Garlic (Allium sativum L.) is a world wide cultivated crop consumed for food and for medicinal purposes. Its biological activities include antibiotic, antitumor, and antiatherosclerosis effects (Monira Ahsan, 1996; Milner JA, 2001; Campbell, 2001), cholesterol-lowering (Yeh, 2001) and prevention of cardiovascular disorders (Rahman, 2001). The present commercial varieties of garlic are sexually sterile and strictly vegetatively propagated (Etoh, 1986 ; Novak, 1990 ). This confers low propagation rate in field (x5 to x10 per year), limited genetic improvement, and severe sanitary constraints. The varieties of garlic are clonal, and all infected with various viruses amongst which two potyviruses, onion yellow dwarf (OYDV) and leek yellow stripe (LYSV) are prevalent (Lot, 1988; Walkey, 1990; Van Dijk, 1991; Conci and al, 1992; Van Dijk, 1993a,b; Barg and al, 1994; Lot and al, 1994) and considered as the most destructive. Each virus was shown to reduce the bulb yield by 20 to 60%, and up to 80% in case of mixed infection, depending on cultivar and stage of infection (Lot and al, 1998).

Therefore, methods for high multiplication rate of virus-free material are sought. The clonal propagation in vitro has been developed for years, using meristem-tip culture for eliminating viruses and producing virus-free material (Bhojwani, 1980; Walkey and al, 1987; Chovelon and al, 1994). Several protocols have reported improving the performances of micropropagation (Havranek and Novak, 1973; Abo El-Nil, 1977; Bhojwani, 1980; Walkey and al, 1987; Masuda and al, 1994; Ayabe and Sumi, 1998; Kahane and al, 1992). However, relatively low propagation rates were obtained, and in a time consuming process. 

Several reports have presented organogenesis or embryogenesis in garlic tissue culture. Callus culture and plant regeneration have been proved feasible from various parts of the plant: shoot-tips (Kehr and Schaeffer, 1976; Abo El-Nil, 1977; Novak, 1981; Nagakubo and al, 1993; Myers and Simon, 1998), basal plates (Xue and al, 1991; Koch and al, 1995; Barandiaran and al, 1998), first primordial leaves (Novak, 1980; Dolezel and Novak, 1985) and root-tips (M. S. Haque and al, 1997, 1998; Barandiaran and al, 1999a,b; Robledo-Paz and al 2000). However, somatic embryogenesis was not proved in these papers and uncontrolled somaclonal variation was reported (Al-Zahim and al, 1999). An appropriate and efficient method for embryogenesis from callus induction up to bulb formation, and the genetic true-to-type production of material, still need to be developed.

The present work aims at facilitating and speeding-up the access to healthy garlic material, by the development of a method for rapid production of  large amount of embryogenic callus. 

In particular, we investigated the effect of nature, concentration and combination of plant growth regulators and explants types (young leaf or root pieces) on initiation and differentiation of embryogenic callus. The joined histological study intends to ascertain the somatic origin of embryos and to contribute to improve efficiency of embryogenesis.

Materials and methods

Plant Material

The variety “Rouge de la Réunion” (INRA-CIRAD, France) belongs to the tropical group according to Messiaen et al. (1993) classification. It is a short-day type, expressing short dormancy and bad preservation. It forms medium-size bulb with purple coloured cloves and scape. This variety was issued from clonal selection and meristem-tip culture of the local population “Rouge de la Réunion”. OYDV and LYSV-free material was used for the experiments on somatic embryogenesis. Bulbs, harvested from 4-5 months, were stored at 15°C and put 3 weeks at 5°C, in order to break the dormancy before experiments.

Explants

Two distinct sources of explants were used for callus induction: young leaf sections from disinfected cloves, or root sections from in vitro cultivated plants.

Young leaf sections

After removing the outer protective leaf sheaths, cloves were sterilised in 70% ethanol for 5 minutes, followed by 20 minutes in a 8% commercial bleach solution. Cloves were then rinsed three times in sterile water for 5, 10 and 15 minutes. They were dried on a sterile paper towel, the storage leaf was removed under aseptic conditions, and the explants containing young leaves on a basal plate were then cut transversally to produce 2 mm thick discs. 

Root sections of  in vitro cultivated plants

In vitro plants were obtained from shoot-tip cultures (about 5mm long) excised from sterilised cloves as described above, and placed on a modified BDS medium (Dunstan and short, 1969), (PGM, Tab. 1) at 24-26°C under 35 (mol m-2 s-1 illumination supplied by cool-white fluorescent lamps (Phillips, TLD 36 W/83), with a photoperiod of 12/12 hrs (light/dark). Garlic plants were further propagated in vitro according to the protocol reported by Kahane et al. (1992). This procedure provided aseptic material at convenience. Well developed in vitro plants were collected for supplying root cuttings. These roots were cut into 3-4 mm long sections used as primary explants for callus induction. 

Experimental conditions

The explants (young leaf or root sections) were plated on 90 mm diameter Petri dishes containing 25 ml of semi-solid medium. All media were adjusted at pH 5.8 before autoclaving at 121°C for 20 minutes (2 bars). The Petri dishes were sealed with Parafilm® and placed at 24-26°C in darkness. One replicate consisted in a Petri dish containing 5 explants; 8 replicates were performed per treatment.

A sequence of culture media was experimented from callus induction up to full plant development (Tab. 1). The explants were incubated 1 month on a callus pre-induction medium (CIM1, Tab.1), which is a modified B5 medium (Gamborg et al., 1968) containing CaCl2 (440mg l-1), 0.2 mg l-1 NAA, 0.2 mg l-1 IAA, 1 mg l-1 2,4-D and 0.1 mg l-1 kinetin, and solidified with 0.3% Phytagel®. The explants were then transferred to a second induction medium (CIM2, Tab.1) for callus development and induction of embryogenic tissue. This medium differed from the previous one by various concentrations of 2,4-D (0.3, 0.5, 1 or 1.5 mg l-1, Tab. 2). The callus produced were transferred on a maintenance medium (CMM, Tab.1) based on a B5 medium containing CaCl2 (150 mg l-1), and maintained on it before embryo induction. Primary callus or callus issued from CMM were transferred on an embryo induction medium (EIM, Tab.1) containing a combination of 2,4-D/kinetin (0/0, 0/0.5, 0.05/0.5, 0.1/0, 0.1/0.3, 0.1/0.5, 0.1/0.7 and 0.3/0.5 mg l-1 respectively, Tab. 3). The cultures were incubated at 24-26°C in darkness for two months. These callus differentiated globular somatic embryos after 2 months, and they were transferred to a BDS medium containing BAP (2.5 mg l-1) and ANA (0.5 mg l-1) (EDM, Tab.1) for two months for getting mature. 

Once matured, somatic embryos were collected from EDM and cultured on an embryo germination medium (EGM, Tab.1) to develop whole plants. This BDS medium was supplemented with BAP (0, 0.1, 0.3, 0.5 or 2 mg l-1). 8 replicates consisted in 8  Petri dishes containing 5 embryos each were performed per medium. Such regenerated plants were transferred to a plant growth medium (PGM, Tab.1) and subcultured every 4 weeks on a fresh medium. Acclimatisation was performed at different seasons and at various development stages (rooted plants or matured bulbs). After rinsing with sterile water, the in vitro plants were established in mixed soil (1/3 sand and 2/3 compost) and gradually hardened in greenhouse. 

Recordings

Observations on the following variables were performed : 

· v1) percentage of explants with callus after 2 months on CIM2, 

· v2) percentage of callus containing embryogenic tissue after 2 months on CIM2,

· v3)  percentage of callus with globular somatic embryos after 2 months on EIM, 

· v4) mean number of globular embryos per productive callus 

· v5) percentage of somatic embryo germination after 2 months on EGM.

Statistical analysis

All rates were analysed using the linear model procedure of the SAS statistical package (SAS intitute 1982). A two-way analysis with fixed effects (growth regulator concentration and type of explants) was designed for variables v1 to v4, including 8 replicates of 5 explants in order to test factorial and interaction effects. A one-way analysis was designed for variable v5. Due to low numbers (N ≤ 5 explants per replicate) the primordial data (percentages) for variables v1 to v3 and v5, were analysed by logistic regression. They were transformed into logit as follows : logit (%) = log [% / (100 - %)]. A multiple comparison of the different logit referred on tables of Chi-square (at 5% level). Variable v4 was analysed after root square transformation of the data in order to stabilise variances. For analysis of this variable, treatment  2,4-D0/kin0 was removed because numbers were too low. A multiple comparison of the different root squares (coming from v4) was using the Tukey’s Studentized Range test .

Histological study

Callus and embryos were collected at different stages. They were fixed for 24 hrs in a sodium phosphate buffer at 0.2 M, pH 7.2 containing 2% para-formaldehyde, 1% glutharaldehide and 1% caffeine, to precipitate oxidised phenol compounds in situ. After dehydration through a graded alcohol series, these samples were embedded in LKB resin (Leica, Rueil-Malmaison, France) and cut into 3 (m-thick slices. Sections were double-stained with periodic acid Schiff (PAS) (Sigma, P5463) and naphtol blue black (NBB) (Sigma, N9002). PAS stains starch reserves and cell walls (polysaccharides) in red (Martoja and Martoja, 1967). NBB stains specifically the soluble or reserve proteins in dark blue (Fisher, 1968). 

Results and discussion
Callus production
After one month on CIM1, young leaf and root explants increased in size but no callus formation was observed. Subcultured on CIM2 for one month, the explants started producing callus of two distinct mixed aspects. One hyperhydric, translucent, nodular type, and an other type yellowish, also nodular. These callus were generally located at the leaf edges near a vein or at the root sections. Clumps of callus of both aspects were transferred on EIM medium, and after 8 weeks, only the yellowish nodular callus gave rise to somatic embryos, indicating that this type of callus was embryogenic.

Leaf and root segments responded similarly to 2,4-D (0.3 to 1.5 mg/l), with a parallel between callus production and embryogenesis potential (Tab. 2). Callus production was optimal on the three internal-most leaves. The lowest concentrations of 2,4-D (0.3 and 0.5 mg l-1) induced the highest callus frequency (80% and 86%, respectively), and was associated to the most embryogenic tissues (28% and 37% resp., Tab.2).

Very high callus frequencies (85% and 93%) were also obtained from roots with low concentrations of 2,4-D (0.3 and 0.5 mg l-1 resp.). The embryogenic potential of these callus (5 to 20%)  was systematically lower than those produced from leaf (18 to 37%). Myers and Simon (1998) also reported embryogenesis on only 13 to 20% of the callus produced from root segments.

We confirmed that a low level of 2,4-D increases the percentage of garlic explants producing callus (Barandiaran, 1999a). Our best result was obtained with 0.5 mg l-1 2,4-D for both types of explants. Although root segments incubated in 2,4-D underwent a great percentage of callus, young leaf explants appeared more suitable to develop embryogenic tissues.

Histological study
Callus were initiated (CIM2) from epidermis and cells around vascular bundles of the explants. After 8 weeks on CIM2, two types of callus were formed: hyperhydric, translucent, nodular callus and yellowish nodular callus (Fig. 1a). Histological sections in the later type showed globular masses with peripheral meristematic cells (Fig. 1b) and isolated embryogenic cells containing storage proteins (Fig. 1c). In opposite to many species: coffe (Michaux-Ferriere et al., 1989), oil palm (Schwendiman et al., 1990), no starch reserves were observed in these embryogenic cells. Later a study more detailed would be conducted to try to know origin of these two kind of cells. The central part of these masses was composed of highly differentiated cells, what could be considered as the first stage of a somatic embryo differentiation (Fig. 1e). Sections of the yellowish callus from EIM presented somatic embryogenesis developing in the outer-most layer of meristematic tissues. 

The polar division of cells of these tissues resulted in the formation of a somatic pro-embryonic structure (Fig. 1e), which developed further into a globular embryo (Fig. 1d,f,g). We suggest that thinward neighbour cells next to the mother cell formed a layer of cells by anticlinal divisions, to isolate the developing embryo from maternal callus (Fig. 1g). The globular structures further developed into mature embryos (Fig 1h) with two poles, a root and a shoot apex (Fig. 1i).

Embryo induction 

After two months on EIM, up to 75%  of the embryogenic callus formed globular somatic embryos (Tab. 3). The explants source had no significant effect on the percentage of callus showing globular embryos (47% and 45% for young leaf and root explants, respectively). The best combinations of growth regulators were 2,4-D/Kinetin (0.1/0.3 or 0.1/0.5 mg l-1) for both embryogenic events and embryo numbers. Embryogenesis could happen in the absence of 2,4-D and Kinetin, however, any combination of both enhanced the regeneration process. Callus of about 150 mg fresh weight each developed a mean number of 5 to 44 globular embryos, depending on the growth regulator combination. Callus issued from young leaf explants produced a significantly higher number of globular embryos compared to callus from root segments, respectively a mean number of  32.5 and 18.3. 

Conversion of somatic embryos into plants.

The percentage of conversion of embryos into plants, according to the BAP concentration in the culture medium, is presented Table 4. The globular embryos developed subsequently the shoot and the root apex, and formed a complete plantlet within 4 weeks (Fig. 1j). In the absence of BAP, the frequency of conversion was rather low (15%). The addition of BAP (0.3 mg l-1) increased it up to 30%. With 0 to 0.5 mg l-1  BAP, the plants presented a normal development, but higher concentrations (2 mg l-1) promoted abnormalities like curled and dark green leaves or multiple shooting. Normal plants were transferred to PGM and subcultured on it at 4 week intervals. 

On the basis of protocols developed on others species, with special reference to banana (Cote et al. 1996), coffee (Michaux-Ferrière et al., 1989; Bieysse et al., 1993), Hevea brasilensis (Michaux-Ferrière et al., 1992a) or oil palm (Schwendiman et al., 1990), attempts for inducing somatic embryogenesis in garlic was successful. Histological studies, that have proved the somatic origin of embryogenesis in our report, were essential for establishing the sequence of culture media (Schwendiman et al., 1988; Goh et al., 1999; Michaux-Ferrière et al., 1992a,b).
Moreover, normal phenotypic notations were observed during the culture on 200 plants (Fig. 1k) and little bulbs (Fig. 1l) divided in cloves were harvested. 

Acknowledgement

This work was supported by a grant from the EU for the Garlic & Health research program of the 5th PCRDT, Quality of Life (QLK1-1999-00498). We thank CIRAD-FLHOR Biometrics Dept. (Xavier Perrier, Cécile Dubois, Béatrice Thibault) for the statistical analyses.

References

Abo El-Nil MM (1977) Organogenesis and embryogenesis in callus cultures of garlic (Allium sativum L.) Plant Sci. Lett. 9:259-264.
Ayabe M, Sumi S (1998) Establishment of a novel tissue culture method, stem-disc culture, and its practical application to micropropagation of garlic (Allium sativum L.) Plant Cell Reports 17:773-779.

Al-Zahim, M;A.; Ford-Lloyd B. V.; Newbury, H.J. (1999) Detection of somaclonal variation in garlic (Allium sativum L)using RAPD and cytological analysis. Plant cell rep. 18: 473-477.

Barandiaran X, Die Pietro A, Martin J (1998) Biolostic transfer and expression of a uidA reporter gene in different tissues of Allium sativum L. Plant Cell Reports 17:737-741.

Barandiaran X, Martin N, Rodriguez-Conde MF, Die Pietro A, Martin J (1999a) An efficient method for callus culture and shoot regeneration of garlic (Allium sativum L.). HortSci. 34: 348-349

Barandiaran X, Martin N, Rodriguez-Conde MF (1999b) Genetic variability in callus formation and regeneration of garlic (Allium sativum L.). Plant Cell Reports 18:434-437.

Barg E, Lesemann D-E, Vettren HJ, Green SK (1994) Identification, partial characterization, and distribution of viruses infecting Allium crops in South and Southeast Asia. Acta Hortic 358:251-258.

Bhojwani SS (1980) In vitro propagation of garlic by shoot proliferation. Sci Hortic 13:47-52.

Bieysse D, Gofflot A, Michaux-Ferrière N (1993) Effect of experimental conditions and genotypic variability on somatic embryogenesis in Coffea arabica. Can J Bot 71: 1496-1502

Campbell JH, Efendy JL, Smith NJ, Campbell GR (2001) Molecular basis by which garlic suppresses atherosclerosis. J. Nutr. 131(3s):1006s-9s.

Chovelon V.,  Leroux J.P.,  Delécolle B.,  Foret L.,  Messiaen CM.,  Lot H.  1994. Production and breeding of virus-free garlic clones in France. 1st International Symposium on Edible Alliacea,  Mendoza (ARG),  1994/03/14. Abstract p.128.

Conci V, Nome SF, Milne RG (1992) Filamentous viruses of garlic in Argentina. Plant Dis 76:54-596.

Cote FX, Domergue R, Monmarson S, Schwendiman J, Teisson C, Escalant JV (1996) Embryogenic cell suspension from the male flower of Musa AAA cv. Grand nain. Physiol plant 97:285-290

Dolezel J, Novak FJ (1985) Karyological and cytophotometric study of callus induction in Allium sativum L. Plant Physiol 118:421-429.

Dustan, D. I.; Short, K. C. (1978) Shoot production from onion callus tissue culture. Scientia Hortic. 9: 99-110. 

Etoh T (1986) Fertility of garlic clones collected in Soviet Central Asia. Jap Soc Hortic Sci 55:312-319.
Fisher D. B. (1968) Protein staining of ribboned epon sections for light microscopy. Histochemie 16 : 92-96.

Gamborg  O.L., R.A. Miller and K. Ojima, (1968) Nutrient requirements of suspension cultures of soybean root cells. 50, 151 – 158

Goh D. K. S, Michaux-Ferriere N,  Monteuuis 0 and Bon MC (1999) Evidence of somatic embryogenesis from root tip explants of the Rattan calamus manan

Haque MS, Wada T, Hattori K (1997) High frequency shoot regeneration and plantlet formation from root tip of garlic. Plant Cell Tiss. Org. Cult. 50:83-89.

Haque MS, Wada T, Hattori K (1998) Novel method of rapid micropropagation using cyclic bulblet formation from root tip explants in Garlic. Breeding Science 48:293-299.

Havranek P, Novak FJ (1973) The bud formation in the callus cultures of Allium sativum L. Z. Pflanzenphysiol. 68:308-318

Kahane R, Rancillac M, Schweisguth B (1992) Bulbing in vitro in Allium species. Allium improvement Newsletter 2:18-20

Kehr AE, Schaeffer GW (1976) Tissue culture and differentiation of garlic. Hortic Sci 11:422-423.

Koch M, Tanami Z, Salomon R (1995) Improved regeneration of shoots from garlic callus. Hort Science 30:378.

Lot H  1988. Leek yellow stripe virus (LYSV). Chapter 1 : Viruses 1. General major virus groups. Smith I.M. (Ed.), Dunez J. (Ed.), Phillips D.H. (Ed.), Lelliott R.A. (Ed.), Archer S.A. (Ed.), European handbook of plant diseases, 39-40.

Lot H., Delécolle B., Boccardo G., Marzachi C., Milne R.G  1994. Partial characterization of reovirus-like particles associated with garlic dwarf disease. Plant Pathology (GBR) 43:537-546.

Lot H., Chovelon V., Souche S., Delécolle B.  1998. Effects of onion dwarf and leek yellow stripe viruses on symptomatology and yield loss of three french garlic cultivars. Phytopathology (USA), 82, 1381-1385.

Martoja R. and Martoja, M. (1967). Initiation aux techniques de l’histologie animale. Masson et Cie, Paris.

Masuda K, Hatakeyama E, Ito A (1994) Micropropagation of garlic (Allium sativum L.) Bull. Akita Pref. Coll. Agr. 20:43-48.

Milner JA (2001) A historical perspective on garlic and cancer. Journal of nutrition. 131(3s):1027s-31s.

Messiaen C. M., Cohat J., Leroux J.P., Pichon M. and Beyries A. (1993) Les allium alimentaires reproduits par voie végétative. INRA Paris, ISBN : 2-7380-0422-9 

Michaux-Ferrière N, Bieysse D, Alvard D, and Dublin P.  (1989) Etude histologique de l’embryogénèse somatique chez Coffea arabica induite par culture sur milieux uniques de fragments foliaires de génotypes différents. Café Cacao Thé, 32 : 207-217 

Michaux-Ferrière N, Grout H, Carron MP,  (1992a) Origin and ontogenesis of somatic embryos in Hevea brasilensis (Euphorbiaceae). Am J Bot 79: 174-180

Michaux-Ferrière N, and Schwendiman J,  (1992b) Histology of somatic embryogenesis.- In Reproductive Biology and plant Breeding (Y. Dattée, C. Dumas and A. Gallail,eds), pp247-259. Springer-Verlag, Berlin. ISBN 3-540-54641-3 

Monira Ahsan, Chowdhury A.K.A, Islam SN, Ahmed ZU (1996) Garlic extract and allicin: broad spectrum antibacterial agents effective against multipli drug resistant strains of Shigella dysenteriae, Shigella flexneri, enterotoxigenic Escherichia Coli and Vibrio cholerae. Phytotherapy Research (United Kingdom) V.10 (4) p. 329-331.

Morel G., Wetmore R.H. (1951) Tissue culture of monocotyledons. Am. J. Bot. 38: 138 - 140

Murashige T., Skoog F. (1962) Arevised medium for rapid growth and bioassays with tobacco tissue culture. Physiol Plant 15: 473 - 497

Myers JM, Simon PW (1998) Continuous callus production and regeneration of garlic (Allium sativum L.) using root segments from shoot tip-derived plants. Plant Cell Reports 17:726-730.

Nagakubo T, Nagasawa A, Ohkawa H (1993) Micropropagation of garlic through in vitro bulblet formation. Plant Cell, Tiss. Org. Cult. 32:175-183.

Novak FJ (1980) Phenotype and cytological status of plants regenerated from callus cultures of Allium sativum L. Pflanzenzuecht 84:250-260.

Novak FJ (1981) Chromosomal characteristics of log-term callus cultures of Allium sativum L. Cytologia 46:371-379.

Novak FJ (1990) Allium tissue culture. In “Onions and Allied Crops, Vol.2” Rabinowitch H.D. and Brewster J.L. (Eds.), CRC Press, Boca Raton, Florida, 233-250.

Rahman K (2001) Historical perspective on garlic and cardiovascular disease. Journal of nutrition. 131 (3s): 977s-9s.

Robledo-Paz A, Villalobos-Arambula V. M. and Jofre-Garfias A. E. (2000) Efficient plant regeneration of garlic (Allium sativum L.) by root tip culture Invitro cell. Dev. Biol. –plant 36: 416-419

SAS Institute (1982) SAS user’s guide: Statistics. SAS Institute, Cary, N.C.

Schwendiman J, Pannetier C, Michaux-Ferrière N (1988) Histology of somatic embryogenesis from leaf explants of the oil palm Elaeis guineensis Ann. Bot. 62: 43-52

Schwendiman J, Pannetier C, Michaux-Ferrière N (1990) Histologie des formations embryogènes obtenues au cours de la culture in vitro du palmier à huile Elaeis guineensis Jacq. Oléagineux 45:416-418

Van Dijk P (1991) Mite-borne virus isolates from cultivated Allium species and their classification into two new rymoviruses in the family Potyviridae. Neth J Plant Pathol 97:381-399.

Van Dijk P (1993a) Survey and characterization of potyviruses and their strains of Allium species. Neth J Plant Pathol 99:1-48.

Van Dijk P (1993b) Carlavirus isolates from cultivated Allium species represent three viruses. Neth J Plant Pathol 99:233-257.

Walkey DGA, Webb MJW, Bolland CJ, Miller A (1987) Production of virus-free garlic (Allium sativum L.) and shallot (A. ascalonicum L.) by meristem-tip culture. J Hortic Sci 62:211-220.

Walkey DGA (1990) Virus diseases. In “Onions and Allied Crops, Vol.1” Rabinowitch H.D. and Brewster J.L. (Eds.), CRC Press, Boca Raton, Florida, 191-211.

Xue H, Araki H, Shi L, Yakuwa T (1991) Somatic embryogenesis and plant regeneration in basal plate-and receptacle-derived callus cultures of garlic (Allium sativum L. (in Japanese) J Jpn Soc Hortic Sci 60:627-634.

Yeh YY, Liu L (2001) Cholesterol-lowering effect of garlic extracts and organosulfur compounds: human and animal studies. Journal of nutrition. 131(3s): 989s-93s.

Table 1 : Solid and liquid media used for garlic somatic embryogenesis and embryo regeneration

	Nutrients (mg l-1)
	CIM1
	CIM2
	CMM
	EIM
	EDM
	EGM
	PGM

	Macro nutrients modified

  -KNO3

  -(NH4)2SO4

  -NaH2PO4

  -CaCl2

  -MgSO4

  -NH4NO3

  -NH4H2PO4
	(B5 m)

2500

134

150

440

250
	(B5 m)

2500

134

150

440

250
	(B5)

2500

134

150

150

250
	(B5 m)

2500

134

150

440

250


	(BDS)

2350

134

172

150

247

320

230
	(BDS)

2350

134

172

150

247

320

230
	(BDS)

2350

134

172

150

247

320

230

	micro nutrients 
	ms
	ms
	ms
	ms
	ms
	ms
	Heller

	Vitamins

  -nicotinic acid

  -pyridoxin

  -thiamin HCl

  -biotin

  -calcium panthotenate
	B5

1

1

10

-

-
	(B5

1

1

10

-

-
	B5

1

1

10

-

-
	(B5)

1

1

10

-

-
	B5

1

1

10

-

-
	Morel

1

1

1

0.01

1
	Morel

1

1

1

0.01

1

	Myo-inositol

Malt extract
	100

100
	100

100
	100

100
	100

100
	100

100
	100
	

	Amino acid 

  -prolin

  -glutamin
	230

-
	230

-
	230

-
	-

150
	-

150
	
	

	Growth regulators

  -2.4.D

  -AIA

  -ANA

  -kinetin

  -BAP
	1

0.2

0.2

0.1

-
	0.5

0.2

0.2

0.1

-
	0.5

0.2

0.2

0.1

-
	0.1

-

-

0.5

-
	-

-

0.5

-

2.5
	-

-

-

-

0.3
	-

-

0.1

0.5

	Sucrose (g l-1)
	60
	60
	60
	60
	60
	20
	20

	Agar, phytagel (g)

Agar-agar (g)
	3

-
	3

-
	3

-
	3

-
	-

7.5
	-

7.5
	-

7.5

	PH before autoclaving
	5.8
	5.8
	5.8
	5.8
	5.8
	5.8
	5.8

	Duration in month
	1
	2
	< 12
	2
	1
	1
	2


B5 m : B5 macro nutrients modified

CIM : callus induction medium

CMM: callus maintenance medium

EIM : embryo induction medium

EDM : embryo development medium

EGM : embryo germination medium

PGM : plantlet growth medium

Table 2. Effect of various 2,4-D concentrations of CIM2 on callus production and induction of embryogenic tissue from young leaf (Y.L) or root (R) explants (n=40)

	2,4-D

(mg l-1)
	Explants source
	Callus production (%)
	Callus with embryogenic tissue (%)

	
	
	
	Mean per 2,4-D concentration
	
	Mean per 2,4-D concentration

	0.3
	Y.L
	80
	  83 ab*
	28
	21 ab

	
	R
	85
	
	13
	

	0.5
	Y.L
	86
	90   a
	37
	29   a

	
	R
	93
	
	20
	

	1
	Y.L
	63
	70   b
	23
	16 ab

	
	R
	77
	
	9
	

	1.5
	Y.L
	48
	51   c
	18
	12   b

	
	R
	53
	
	5
	

	Mean per explants
	Y.L
	69
	27

	
	R
	77
	12

	2,4-D concentration

p>Chi-2
	<0.0001 ***
	0.0329 *

	Explants

 p>Chi-2
	0.0935 NS
	0.0007 ***

	Interaction

p>Chi-2
	0.8707 NS
	0.9542 NS


Index letters indicate homogeneous group per column (Chi-2 Test , p<0.05)

Table 3. Effect of different combinations of 2,4D/Kinetin (Kin) on the regeneration of globular embryos from embryogenic callus issued from young leaf (Y.L) or root (R) explants (n=40). Each callus was 150 mg fresh weight.

	Growth regulators (mg l-1)
	Explants source
	Callus with globular embryos (%)
	Mean number of globular embryos per productive callus

	2,4-D
	Kin
	
	
	Mean per treatment
	
	Mean per treatment

	0
	0
	YL
	10.0
	  8.8    f*
	12.5
	9.7 

	
	
	R
	7.5
	
	6
	

	0
	0.5
	Y.L
	25.0
	23.8    e
	17.9
	11.9   d

	
	
	R
	22.5
	
	5.2
	

	0.05
	0.5
	Y.L
	55.0
	52.5 bc
	28.9
	21.5   c

	
	
	R
	50.0
	
	13.5
	

	0.1
	0
	Y.L
	35.0
	31.3   de
	19.2
	13.7   d

	
	
	R
	27.5
	
	6.7
	

	0.1
	03
	Y.L
	67.5
	68.8 a
	37.4
	27.6 bc

	
	
	R
	65.0
	
	18.2
	

	0.1
	0.5
	Y.L
	75.0
	72.5 a
	43.9
	37.7 a

	
	
	R
	70.0
	
	31.1
	

	0.1
	0.7
	Y.L
	47.5
	45.0  cd 
	29.7 
	23.9 bc

	
	
	R
	42.5
	
	17.4 
	

	0.3
	0.5
	Y.L
	62.5
	66.3 ab
	32.1 
	24.8  bc

	
	
	R
	70.0
	
	18.2 
	

	Mean per explants
	Y.L
	47
	32.5

	
	R
	45
	18.3

	2,4-D concentration

p>Chi-2

pr>F
	
	<0.0001 ***


	<0.0001 ***

	Explants

p>Chi-2

pr>F
	
	0.5037 NS
	<0.0001 ***

	Interaction

p>Chi-2

pr>F
	
	0.9792 NS
	<0.0315 *


* Index letters indicate homogeneous group in the same column according to chi-2 Test or Test F (p<0.05) 

Table 4 : Effect of 6-benzylaminopurine on the conversion of somatic embryos into plants (n=40)

	BAP (mg l-1)
	Embryo conversion (%)

	0
	15

	0.1
	23

	0.3
	30

	0.5
	25

	2
	18

	Mean
	28

	BAP concentration

p>chi-2
	0.5027 NS


NS: non significant at the 5% level.

 Fig 1. Plant regeneration via somatic embryo from nodular callus of garlic (Allium sativum L.). (a) nodular callus with embryogenic tissue (et). (b) histological section of tissue with meristematic and embryonic cells. (c) Isolated embryogenic cells showing storage proteins (prot). (d-g) morphological (d) and histological (e-g) aspects of globular somatic embryos (ge). (e) pro-globular embryo developed after 4 weeks on EIM. (f) globular embryo imbed in the peripheral layer of nods, protoderm (pd). (g) isolated globular embryo. (h) matured somatic embryo on the surface of an embryogenic callus, developed after 4 weeks on EDM. (i) histological section of a mature embryo, showing shoot (sa) and root (ra) apex., vascular bundles (vb).  (j) converted plants from somatic embryos. (k) plants in acclimatisation. (l) little bulbs obtained after plants acclimatisation. Bar =  1 mm (a, d, h); 0.1mm (b, e, f, g, I); 0.05 mm (c); 10 mm (j, k, l).

