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9 Abstract Regeneration of avocado via somatic embryo-

10 genesis is difficult due to poor embryo maturation, resulting

11 in low frequencies of germination. In this study, the influence

12 of semi-permeable cellulose acetate membranes and culture

13 media, containing high levels of sucrose along with coconut

14 water, on maturation and germination of somatic embryos of

15 avocado have been evaluated. The culture of embryogenic

16 calli on top of cellulose acetate membranes significantly

17 increased the number of mature, white-opaque embryos that

18 were recovered after 5 weeks of culture. These embryos

19 showed a much more normal appearance and better quality

20 compared with the control embryos, although the embryo

21 size was significantly reduced. To increase the embryo size

22 and to complete maturation, several two-step maturation

23 treatments were tested. The culture of white-opaque somatic

24 embryos in a modified MS medium with B5 macronutrients

25 gelled with 10 g L-1 agar (B5m10Amedium) over a 5-week

26 period, followed by 5 additional weeks in B5m10A with

27 45 g L-1 sucrose and 20 % coconut water, yielded the best

28 results, reducing the percentage of necrotic embryos and the

29 number of calli formed. The beneficial effects of this matu-

30 ration treatment were enhanced when using embryos that

31 were pre-matured on cellulose acetate membranes. Follow-

32 ing this two-step maturation treatment, the germination rate

33 of the control somatic embryos, which were not cultured on

34 cellulose membranes, was lower than 10 %, but it signifi-

35 cantly improved when the embryos had been pre-matured on

36 cellulose acetate membranes for 5 weeks, reaching a

37germination rate close to 40 %. The water availability was

38significantly reduced when somatic embryos were cultured

39on cellulose membranes, and after this pre-maturation

40treatment, the white-opaque embryos showed lower water

41potential and ABA content compared with the control

42embryos. These results suggest that culturing over cellulose

43membranes causes a controlled embryo desiccation that

44enhances the recovery of plants.

45
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49Introduction

50Avocado, Persea americana Mill., is one of the most

51important fruits in the world, with an annual production

52estimated to be 3.5 million tons in 2008 (FAOSTAT 2010).

53Mexico, Chile, the United States and Indonesia are the

54leading producers of avocado. This species is highly het-

55erozygous, with a long juvenile phase and a high rate of

56flower abscission and immature fruit drop (Litz et al.

572005). Due to these problems, breeding programs have

58been relatively unsuccessful, and the most important cul-

59tivars have been obtained by open-pollinated tree selection

60(Litz et al. 2007). Biotechnological approaches involving

61in vitro culture, such as genetic transformation and

62somaclonal variation, could be used to genetically improve

63this species. Furthermore, in vitro culture techniques,

64e.g., the micro propagation of elite selections or embryo

65rescue from selected crosses, could also be used in conven-

66tional breeding (Márquez-Martı́n et al. 2009; Pliego-Alfaro

67et al. 2013). However, these tools are hampered by the

68recalcitrance of avocado tissues to in vitro regeneration.
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69 In avocado, somatic embryogenesis is the method that is

70 most frequently employed for adventitious plant regener-

71 ation (Litz et al. 2005). Embryogenic cultures derived from

72 immature zygotic embryos of different avocado genotypes

73 have been obtained (Pliego-Alfaro and Murashige 1988;

74 Sánchez-Romero et al. 2006; Witjaksono and Litz 1999a).

75 However, the conversion of somatic embryos (SE) occurs

76 at very low rates of 5–11 % (Sánchez-Romero et al. 2006;

77 Pliego-Alfaro et al. 2013). Pliego-Alfaro and Murashige

78 (1988) ascribed the low conversion rate of avocado SE to

79 an abnormal development caused by the failure of the shoot

80 apical meristem to become organized.

81 Somatic embryos should undergo a maturation phase

82 during which induced biochemical and morphological

83 changes will later facilitate plant conversion (Ammirato

84 1987). These changes involve the accumulation of storage

85 proteins, the repression of precocious germination and the

86 acquisition of desiccation tolerance (Jiménez 2005; Bray-

87 brook and Harada 2008). Generally, the accumulation of

88 storage products turns translucent embryos into white-

89 opaque embryos. This change has been used as a maturity

90 indicator in several species, including avocado (Cailloux

91 et al. 1996; Witjaksono and Litz 1999b; Perán-Quesada

92 et al. 2004; Cerezo et al. 2011). Few attempts to study the

93 factors that are involved in the maturation of avocado SE

94 have been reported thus far. It has been shown that sup-

95 plementing the maturation medium with filter-sterilized

96 coconut water or increasing its sucrose concentration

97 improves the quality of avocado SE (Witjaksono and Litz

98 2002; Perán-Quesada et al. 2004). Márquez-Martı́n et al.

99 (2011) studied the effect of gelling agent types and con-

100 centrations, as well as the addition of osmotic agents, on

101 SE maturation. In general, the maturation response of

102 avocado SE was improved in culture media with high

103 concentrations of a gelling agent. In contrast, the addition

104 of polyethylene glycol (PEG) or sorbitol did not positively

105 affect the SE maturation (Márquez-Martı́n et al. 2011).

106 Apparently, the benefits of culture media with a high gel-

107 ling agent concentration on the maturation of avocado SE

108 are related to increased gel strength and decreased water

109 availability. An alternative approach to obtaining mature

110 SE by reducing water availability consists in the culture of

111 SE on top of cellulose acetate semi-permeable membranes.

112 This procedure has been successfully used by Niedz et al.

113 (2002) and Cerezo et al. (2011) to normalize the devel-

114 opment of citrus and olive SE, respectively.

115 The aim of this investigation was to develop an

116 improved regeneration system for avocado SE. To achieve

117 this goal, several factors affecting SE maturation, such as

118 pre-maturation on cellulose acetate membranes or culture

119 on media supplemented with coconut water and high

120 sucrose, were analyzed. Furthermore, the effect of mem-

121 brane treatments on the water status of SE was evaluated.

122Materials and methods

123Plant material and culture conditions

124An embryogenic avocado (P. americana Mill.) culture line,

125D2.3, was established from an immature zygotic embryo,

126cv. ‘Duke 7’, according to Pliego-Alfaro and Murashige

127(1988) on Murashige and Skoog (MS) medium (Murashige

128and Skoog 1962) that was supplemented with 0.41 lM

129picloram (MSP medium) and solidified with 6 g L-1 agar

130(Sigma A-1296). The D2.3 culture was incubated in

131darkness at 25 ± 1 �C. The embryogenic cultures were

132maintained in MSP medium and were subcultured at

133monthly intervals.

134Treatments for somatic embryo maturation

135For maturation, embryogenic suspensions were initiated

136following the protocol of Márquez-Martı́n et al. (2012).

137Approximately 0.4 g friable callus was used to inoculate

13840 mL liquid MSP medium in 100-mL Erlenmeyer flasks.

139The suspensions were incubated in an orbital shaker

140(120 rpm) under a low irradiance level (5 lmol m-2 s-1)

141with a 16-h photoperiod at 25 �C. After 9 days, the cultures

142were sequentially sieved through 2- and 1-mm pore mesh,

143selecting the fraction that was retained in the 1-mm pore

144mesh. To test the effect of the cellulose acetate semi-per-

145meable membranes on SE maturation, 100 mg of the

146selected fraction was cultured on top of 4 9 4 cm dialysis

147tubing cellulose acetate membranes (MW cut-off 12,000,

148Sigma D9777) in 120-mL jars containing 40 mL B5m10A

149maturation medium [MS formulation with macronutrients

150from Gamborg et al. (1968), gelled with 10 g L-1 agar]

151(Márquez-Martı́n et al. 2011). The membranes were pre-

152pared following the manufacturer’s instructions and were

153autoclaved twice in distilled water at 121 �C for 20 min.

154The somatic embryos were cultured on the membranes for

1555 weeks, and the number of white-opaque somatic embryos

156(WOSE) was recorded after this culture period.

157In a different experiment, the effect of culturing WOSE

158in several maturation media to increase their size prior to

159germination was evaluated. In this experiment, the WOSE

160that were cultured in B5m10A medium for 5 weeks, with or

161without the cellulose acetate membranes, were subjected to

162the following treatments: 1) 2 cycles of a 5-week culture in

163B5m10A; 2) 5 weeks of culture in B5m10A followed by

1645 weeks in B5m10A-S-CW (B5m10A medium supple-

165mented with 45 % sucrose and 20 % [v/v] filter-sterilized

166coconut water [Sigma, C5915]); and 3) 2 cycles of a 5-week

167culture in B5m10A-S-CW. The number of mature WOSE,

168their size and the presence of calli were recorded at the end

169of the maturation period. A total of 25 WOSE per treatment

170were used, and the experiment was conducted twice.
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171 Somatic embryo germination

172 White-opaque SE with diameters greater than 5 mm,

173 derived from SE pre-matured with or without the cellulose

174 acetate membranes as described above, and later matured

175 for 5 weeks in B5m10A followed by an additional 5-week

176 period in B5m10A-S-CW, were germinated as described

177 by Palomo-Rı́os et al. (2012). The WOSE were transferred

178 to liquid germination medium, MS medium supplemented

179 with 4.44 lM 6-benzyladenine (BA) and 2.89 lM gibber-

180 ellic acid (GA3) (Witjaksono and Litz 1999a) for 3 days in

181 a roller drum and then cultured in the same medium gelled

182 with 6 g L-1 agar for 4 weeks. This treatment was repe-

183 ated three times. A total of 30 WOSE per treatment were

184 used, and the experiment was conducted twice.

185 Water potential measurements

186 The water potential (Ww) in the control embryos and the

187 embryos pre-matured on cellulose acetate membranes was

188 measured using a Wescor Dew Point Microvoltmeter HR-

189 33T in dew point mode. The isolated embryos 3 mm in

190 length were incubated in a C-52 sample chamber, and the

191 dew point depression was recorded after 35 min of equil-

192 ibration. The Ww was estimated in the control and mem-

193 brane-treated WOSE after 5 weeks of culture in B5m10A

194 and after an additional incubation period in Petri dishes

195 with 100 % relative humidity for 48 h. A minimum of 19

196 embryos per treatment were measured.

197 Abscisic acid content

198 The abscisic acid (ABA) content was measured in the

199 WOSE that were pre-matured with or without cellulose

200 acetate membranes after 5 weeks of culture in B5m10A.

201 The ABA was extracted following the procedure of

202 Walker-Simmons et al. (2000). The somatic embryos

203 (50 mg per treatment) were frozen in liquid nitrogen,

204 lyophilized, and extracted with 5 mL methanol for 20 h at

205 4 �C. Then, the samples were centrifuged at 9,0009g for

206 10 min, and the amount of ABA in the supernatant was

207 estimated using the ELISA Phytodetek ABA Test Kit

208 (Agdia, USA), following the manufacturer’s instructions.

209 Two independent extractions per treatment and four mea-

210 surements per extraction were performed.

211 Water availability of the culture medium

212 The effect of the cellulose membranes on the water

213 availability was estimated by measuring the amount of

214 water that was absorbed by 2 9 2 cm filter paper laid on

215 the surface of the B5m10A culture medium with or without

216 cellulose membranes. The filter papers were incubated at

21725 �C for 24 h. Then, the water was removed by incubating

218the papers at 100 �C for 24 h. The amount of absorbed

219water was estimated as the difference in filter paper weight.

220Each treatment contained 6 replicates.

221The matric potential (Wm) in 0.5-cm-diameter filter

222papers that were incubated on the surface of the B5m10A

223medium with or without cellulose acetate membranes for

22424 h was measured using a Wescor Dew Point Micro-

225voltmeter HR-33T in dew point mode. The papers were

226incubated in a C-52 sample chamber, and the dew point

227depression was recorded after 5 min of equilibration.

228A total of 10 replicates per treatment were used.

229Statistical analysis

230The data were subjected to analysis of variance (ANOVA)

231using SPSS software. Tests for normality and homogeneity

232of variance were performed prior to the ANOVA, and

233Student’s t test or the Mann–Whitney U test was used for

234the mean separation in the case of homogeneous or non-

235homogeneous variance, respectively. Frequency analyses

236were performed using the v2 test (Sokal and Rohlf 1995).

237Results

238Effect of cellulose acetate membranes on embryo

239pre-maturation

240Embryogenic calli were cultured on top of cellulose acetate

241membranes that were placed on B5m10A medium, and the

242number of white-opaque SE (WOSE) was recorded after

2435 weeks of culture. In the control treatment without the

244membrane, a mean number of 5.3 WOSE per 100 mg of

245calli was obtained, with 13 % of these embryos being

246larger than 5 mm (Table 1). A significantly higher number

247of WOSE was obtained when the calli were cultured over

248the cellulose acetate membrane (Table 1). However, all of

249the WOSE that were collected over the membrane were

25055 % smaller than the control embryos, and none reached

2515 mm in length (Table 1). Interestingly, the mature

252embryos that were collected over the membrane treatment

253were of a superior quality compared with the control

254embryos. The appearance of the control WOSE was rough,

255while the embryos that were matured over membrane were

256smooth with a white surface (Fig. 1a, b). Additionally,

257culturing on the cellulose membranes significantly reduced

258the amount of proliferating calli (Table 1).

259Effect of maturation treatments

260The optimum size for somatic embryo germination is in

261the range of 4–5 mm (Perán-Quesada et al. 2004;
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262 Márquez-Martı́n et al. 2011). After 5 weeks of culture in

263 B5m10A, independent of the use of the cellulose acetate

264 membranes, most of the WOSE were smaller than 5 mm.

265 Thus, several 2-step maturation treatments were tested to

266 increase the embryo size: (1) two cycles of a 5-week cul-

267 ture in B5m10A (treatment 1); (2) a 5-week culture in

268 B5m10A followed by another 5-week period in B5m10A

269 medium supplemented with 45 g L-1 sucrose and 20 % (v/

270 v) coconut water (B5m10A-S-CW) (treatment 2); and (3)

271 two cycles of a 5-week culture in B5m10A-S-CW medium

272 (treatment 3). In the embryos that were obtained without

273 cellulose membranes, the mean size after 10 weeks of

274 culture was similar in the three maturation treatments

275 (Fig. 2a). Similarly, no differences in embryo size were

276 observed in the three maturation treatments when using

277 embryos that were pre-matured on cellulose membranes

278 (Fig. 2a). However, these embryos were slightly smaller

279 than the control WOSE, although the differences were not

280 statistically significant. The average embryo size was

281 5 mm and 6 mm in embryos that were pre-matured with

282 and without the cellulose acetate membranes, respectively.

283 Treatments 2 and 3 (maturation in a medium with high

284 sucrose and coconut water) increased the percentage of SE

285 that formed calli when using the embryos that were not pre-

286 matured on cellulose membranes (Fig. 2b); however, this

287 effect was not observed in the WOSE that were cultured on

288 the membrane, and this percentage was even lower in the

289 treatments using B5m10A-S-CW medium than in treat-

290 ment 1 (10 weeks in B5m10A), although the differences

291 were not statistically significant. Finally, lower percentages

292 of explants that were showing signs of necrosis were

293 observed in the WOSE that were cultured for 5 weeks in

294 B5m10A followed by culturing in B5m10A-S-CW

295 compared with those in the other treatments, although the

296 differences with treatment 3, in the case of membrane-treated

297SE, were not statistically significant. The reduction of

298necrosis was enhanced by the use of the cellulose mem-

299branes in SE pre-maturation (Fig. 2c). Therefore, based on

300these observations, treatment 2 was chosen for the matu-

301ration of WOSE. The appearances of the SE that were pre-

302matured with or without the membranes and that were

303matured in B5m10A followed by B5m10A-S-CW are

304shown in Fig. 1c, d.

305Effect of cellulose acetate membranes on embryo

306germination

307The WOSE whose size was C5 mm and that were pre-

308matured with or without (Control) the cellulose acetate

309membranes and matured following the optimal media

310sequence described above were subjected to the germi-

311nation protocol reported by Palomo-Rı́os et al. (2012).

312The germination frequency in the control embryos was

313lower than 10 % (Fig. 3). The use of the membranes to

314pre-mature the SE significantly increased the germination

315rate, which reached values close to 40 %. In most cases,

316only shoot emergence was observed, while the shoot and

317the root rarely appeared simultaneously. The shoots

318obtained were weaker than in the plants that were derived

319from zygotic embryos, as is normal in this species (Sán-

320chez-Romero et al. 2006); however, for plant recovery,

321these shoots were multiplied and rooted following the

322protocol of Barceló-Muñoz et al. (1999). Figure 1e, f

323shows the germinated SE at different developmental

324stages, and Fig. 1g shows an acclimated plant that was

325derived from embryos that had been previously matured

326on the membrane.

327Water potential measurements and ABA content

328To gain insight regarding the role of cellulose acetate

329membranes in the pre-maturation process of avocado SE,

330the effect of these membranes on the water availability of

331the B5m10A medium, as well as the water potential and

332abscisic acid content in the pre-matured SE, were measured

333after the 5-week culture period in this medium. The effect

334of the cellulose membranes on the water availability was

335determined by measuring the amount of water that was

336absorbed by the filter papers that were overlaid on the gel

337or on the membrane surface. The amount of water that was

338absorbed by the filter papers that were placed on the cel-

339lulose membranes was 2.8-fold lower than in those located

340in the surface of the medium: 0.023 ± 0.002 versus

3410.064 ± 0.003 g in the membrane and control treatments,

342respectively. Moreover, the matric potential (Wm) in the

343filter papers was significantly lower in those that were

344incubated over the membrane, with average values of

Table 1 Effect of cellulose acetate membranes on the pre-maturation

of avocado SE

Control Membrane

Number of WOSE/100 mg calli

\5 mm 4.6 ± 0.6 b 7.1 ± 0.5 a

C5 mm 0.7 ± 0.9 a 0 b

Total 5.3 ± 0.7 b 7.1 ± 0.5 a

Mean WOSE size (mm) 2.7 ± 0.1 a 1.2 ± 0.3 b

Amount of calli (g/100 mg) 1.1 ± 0.0 a 0.1 ± 0.0 b

A total of 100 mg calli was cultured on B5m10A medium either

without (control) or with the cellulose acetate membranes. The

number of mature, white-opaque SE (WOSE); their size; and the

amount of calli formed were recorded after 5 weeks of culture

Data correspond to the mean ± SE. Means with different letters

within rows are significantly different using the Mann–Whitney U test

at P = 0.05
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345 -37.7 ± 4.0 versus -21.3 ± 2.7 MPa in the filters that

346 were directly overlaid on the medium.

347 The water potential (Ww) was significantly lower in the

348 WOSE that were cultured on the cellulose acetate mem-

349 brane than in control embryos (Fig. 4a). Some of the

350 WOSE were incubated in Petri dishes with 100 % RH for

35148 h to determine their hydration capacity. As expected,

352the Ww in the control embryos increased significantly,

353reaching a value close to -0.5 MPa (Fig. 4b). Similarly,

354the Ww of the membrane-treated embryos increased, but

355even in this situation, the Ww value was significantly lower

356than in the control embryos. Regarding ABA content, the

Fig. 1 The appearance of the white-opaque SE that were obtained

after a 5-week culture in B5m10A without (a) or with the cellulose

acetate membranes (b). The appearance of the WOSE that were pre-

matured without (c) or with the cellulose acetate membranes (d) after

a maturation treatment consisting of a 5-week culture in B5m10A

followed by an 5 additional weeks in B5m10A-S-CW medium.

The germinated embryos (e, f) and acclimated plants (g) that were

derived from the embryos that were pre-matured over the cellulose

acetate membranes and matured for 5 weeks in B5m10A, followed by

5 additional weeks in B5m10A-S-CW. In all figures, scale bars

correspond to 1 cm
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357 WOSE that were pre-matured on the cellulose acetate

358 membranes showed statistically significant lower values

359 compared with the control WOSE (Fig. 5).

360Discussion

361Generally, incomplete development is the cause of the low

362germination rate observed in the SE of many species. Only

363mature embryos with a normal morphology that have

364accumulated enough storage materials and acquired des-

365iccation tolerance develop into normal plants at the end of

366the maturation phase (von Arnold et al. 2002). In avocado,

367plant recovery through somatic embryogenesis is mainly

368limited by poor SE maturation, which leads to very low

369germination rates (Perán-Quesada et al. 2004; Márquez-

370Martı́n et al. 2011; Pliego-Alfaro et al. 2013). The culture

371of embryogenic calli in media with a decreased water

372potential, either from increasing the concentration of a

373gelling agent or from the addition of osmotic agents, is a

374common procedure for the production of high quality

375mature embryos (Krajnáková et al. 2009; Troch et al. 2009;

376Buendı́a-González et al. 2012). According to Perán-Ques-

377ada et al. (2004), avocado SE maturity is enhanced by B5

378major salts. A higher number of mature, white-opaque SE

379were obtained when a medium with B5 macroelements was

380gelled with 10 g L-1 agar, a concentration higher than that

381which is considered standard; however, the addition of

382osmotic agents, such as PEG or sorbitol, did not improve

383maturation (Márquez-Martı́n et al. 2011). The increase of

384the gelling agent concentration increased the medium gel

385strength, although it did not affect the medium water

386potential (Márquez-Martı́n et al. 2011). Increasing the gel

387strength with a high gellan gum concentration also

388improved the maturation and germination of Pinus strobus

389SE (Klimaszewska and Smith 1997; Klimaszewska et al.

3902000). The benefits of a high gelling agent concentration
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391 on SE maturation are related to reduced water availability

392 (Owens and Wozniak 1991; Klimaszewska et al. 2000). In

393 a few species, the culture of SE on cellulose semi-perme-

394 able membranes has been used as an alternative approach

395 to restrict the water availability and improve maturation.

396 The use of membranes normalized the development of

397 citrus SE into heart-shaped-stage embryos that were

398 capable of germination (Niedz et al. 2002; Niedz 2006).

399 Similarly, Cerezo et al. (2011) used cellulose acetate

400 membranes to obtain mature olive SE of superior quality

401 and greater germination rates. In avocado, the culture of

402 embryogenic calli on cellulose acetate membranes over

403 B5m10A medium significantly increased the number of

404 WOSE that were obtained. These embryos were smaller

405 but more homogeneous in size compared with the control

406 embryos that were pre-matured without membranes.

407 Moreover, the appearance of the membrane-derived WOSE

408was different from that of the control, as they were white

409and smooth, compared to the brown color and irregular

410surface of the control embryos. Additionally, the mem-

411brane treatment reduced the proliferation of embryogenic

412calli. The homogeneity in the size and appearance of the

413avocado embryos that were matured on the cellulose ace-

414tate membranes suggests normalized development and

415better quality compared with control embryos.

416It has been previously shown that white-opaque avocado

417SE should be 4–5 mm in size to germinate, and several re-

418cultures in maturation medium are needed to reach this size

419(Perán-Quesada et al. 2004; Márquez-Martı́n et al. 2011).

420Perán-Quesada et al. (2004) observed a positive effect of a

421high sugar concentration (175 mM) on somatic embryo

422maturation. Moreover, supplementing the maturation

423medium with filter sterilized-coconut water has also been

424shown to improve the quality of the recovered SE (Wit-

425jaksono and Litz 2002). In this study, the effect of a

426medium containing a high sucrose concentration and

427coconut water, B5m10A-S-CW medium, on the maturation

428of the control and membrane-treated SE was evaluated.

429Although the SE that were pre-matured on the cellulose

430membrane were significantly smaller than the controls,

431these WOSE increased in size after two additional re-cul-

432tures, reaching an average size similar to that of the control

433embryos independent of the maturation treatment

434employed. The culture in B5m10A followed by B5m10A-

435S-CW yielded the best results, as this treatment reduced the

436percentage of necrotic explants without increasing the

437amount of calli that developed from the WOSE. These

438effects were enhanced by the cellulose membrane treat-

439ment. As expected, the normalization of embryo develop-

440ment and the improvement in embryo quality as a result of

441pre-maturation on the cellulose acetate membranes signif-

442icantly improved the germination rate of the WOSE, which

443was fourfold higher than in the control treatment. It is
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444 noteworthy that the germination rate achieved with this

445 treatment, 40 %, is much higher than the previous values

446 that have been reported for avocado somatic embryo ger-

447 mination (Márquez-Martı́n et al. 2011; 2012). A similar

448 effect of cellulose membranes on the germination rate was

449 also observed in citrus and olive SE (Niedz et al. 2002;

450 Cerezo et al. 2011).

451 The mechanisms underlying the benefits of semi-per-

452 meable membranes in SE maturation are not well known.

453 The low amount of water that was absorbed by the filter

454 papers overlaid on the cellulose membrane that was placed

455 on the B5m10A medium demonstrates that the availability

456 of water to the SE that were cultured on the membrane was

457 substantially reduced. A similar result was previously

458 observed by Niedz et al. (2002). Increasing the gel con-

459 centration in the medium also reduces the water availability

460 (Klimaszewska et al. 2000). However, according to Niedz

461 et al. (2002), the level of water availability reduction that is

462 exerted by the membrane would be difficult to achieve with

463 gels. In fact, these authors were unable to reproduce the

464 benefits of the membranes in citrus SE with the use of

465 different concentrations and types of gelling agents or with

466 other compounds that reduce the osmotic potential of the

467 medium, such as PEG (Niedz et al. 2002). At the physio-

468 logical level, the culture of avocado SE on cellulose

469 membranes significantly reduced their water potential and

470 ABA content. The water potential is frequently used as a

471 measure of the water status of plant tissues (Taiz and

472 Zeiger 2010). Olive SE that were matured on cellulose

473 membranes showed a decrease in Ww, reportedly due to a

474 reduction in the solute potential as result of the accumu-

475 lation of storage products (Cerezo et al. 2011). The average

476 Ww value observed in the membrane-treated avocado SE

477 was similar to that reported by Cerezo et al. (2011) in olive.

478 The re-hydration of the avocado WOSE in 100 % RH

479 increased theWw in both the control and membrane-treated

480 SE. However, the membrane-derived SE showed a lower

481 capacity to gain water, as those embryos maintained a Ww

482 lower than that of the control. These results suggest that

483 membrane treatments induce the accumulation of storage

484 products in SE. The maturation of oak and Pinus strobus

485 SE in media with a high gelling agent concentration also

486 reduced the Ww of SE (Klimaszewska et al. 2000; Prewein

487 et al. 2004). Interestingly, the reductions in Ww that were

488 reported in those papers are much lower than those

489 observed in avocado or olive SE (Cerezo et al. 2011),

490 which were both pre-matured over cellulose membranes.

491 These data indicate that membranes exert a stronger effect

492 on the SE Ww compared with simply raising the agar

493 concentration.

494 It is thought that desiccation improves the germination

495 frequency, either by reducing the endogenous ABA level or

496 by changing the sensitivity to ABA (Prewein et al. 2004;

497Jiménez 2005). In avocado, the somatic embryos that were

498pre-matured over the cellulose acetate membranes showed

499a lower ABA concentration and a significantly higher

500germination rate compared with the control embryos.

501Similarly, Prewein et al. (2004) reported a decrease in the

502ABA content in oak SE that were derived from media that

503were gelled with 1 % agar compared with those cultured

504that were in media with 0.8 % agar. Additionally, it has

505been shown that, as observed in avocado SE, the decrease

506in the ABA content is parallel to a decrease in the osmotic

507potential (Xu et al. 1990; Prewein et al. 2004). The

508reduction in the ABA content during SE development

509seems to be a prerequisite for embryo germination

510(Cvikrova et al. 1998; Rajasekaran et al. 1992; Prewein

511et al. 2004). The role of ABA in SE maturation could be

512related to the synthesis and deposition of storage and late

513embryogenesis-abundant (LEA) proteins (Dodeman et al.

5141997; von Arnold et al. 2002).

515In conclusion, we have improved the conversion of

516avocado somatic embryos through the culture of the small

517size fraction of embryogenic calli over cellulose acetate

518membranes on a B5-based pre-maturation medium that was

519solidified with 10 g L-1 agar, followed by a re-culture of

520the resulting WOSE in B5m10A and then another culture

521in the same medium supplemented with a high level of

522sucrose and coconut water. The membranes restricted the

523water availability to the SE, reducing their Ww and ABA

524concentration. The WOSE that were obtained using this

525protocol were of high quality and showed a germination

526rate much higher than that of the control embryos. Our

527findings indicate that the use of cellulose membranes could

528be an excellent alternative for the maturation of SE. This

529approach avoids the negative effects that sometimes appear

530when using osmotic agents to lower the medium Ww.

531Moreover, the use of cellulose acetate membranes induces

532stronger changes in the SE water status compared with the

533use of media with high gelling agent concentrations.
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