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Abstract Regeneration of avocado via somatic embryo-
genesis is difficult due to poor embryo maturation, resulting
in low frequencies of germination. In this study, the influence
of semi-permeable cellulose acetate membranes and culture
media, containing high levels of sucrose along with coconut
water, on maturation and germination of somatic embryos of
avocado have been evaluated. The culture of embryogenic
calli on top of cellulose acetate membranes significantly
increased the number of mature, white-opaque embryos that
were recovered after 5 weeks of culture. These embryos
showed a much more normal appearance and better quality
compared with the control embryos, although the embryo
size was significantly reduced. To increase the embryo size
and to complete maturation, several two-step maturation
treatments were tested. The culture of white-opaque somatic
embryos in a modified MS medium with B5S macronutrients
gelled with 10 g L™ agar (B5m10A medium) over a 5-week
period, followed by 5 additional weeks in BSm10A with
45 g L™! sucrose and 20 % coconut water, yielded the best
results, reducing the percentage of necrotic embryos and the
number of calli formed. The beneficial effects of this matu-
ration treatment were enhanced when using embryos that
were pre-matured on cellulose acetate membranes. Follow-
ing this two-step maturation treatment, the germination rate
of the control somatic embryos, which were not cultured on
cellulose membranes, was lower than 10 %, but it signifi-
cantly improved when the embryos had been pre-matured on
cellulose acetate membranes for 5 weeks, reaching a
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germination rate close to 40 %. The water availability was
significantly reduced when somatic embryos were cultured
on cellulose membranes, and after this pre-maturation
treatment, the white-opaque embryos showed lower water
potential and ABA content compared with the control
embryos. These results suggest that culturing over cellulose
membranes causes a controlled embryo desiccation that
enhances the recovery of plants.

Keywords Cellulose semi-permeable membrane -
In vitro plant regeneration - Somatic embryogenesis -
Somatic embryo maturation - Water potential

Introduction

Avocado, Persea americana Mill., is one of the most
important fruits in the world, with an annual production
estimated to be 3.5 million tons in 2008 (FAOSTAT 2010).
Mexico, Chile, the United States and Indonesia are the
leading producers of avocado. This species is highly het-
erozygous, with a long juvenile phase and a high rate of
flower abscission and immature fruit drop (Litz et al.
2005). Due to these problems, breeding programs have
been relatively unsuccessful, and the most important cul-
tivars have been obtained by open-pollinated tree selection
(Litz et al. 2007). Biotechnological approaches involving
in vitro culture, such as genetic transformation and
somaclonal variation, could be used to genetically improve
this species. Furthermore, in vitro culture techniques,
e.g., the micro propagation of elite selections or embryo
rescue from selected crosses, could also be used in conven-
tional breeding (Marquez-Martin et al. 2009; Pliego-Alfaro
et al. 2013). However, these tools are hampered by the
recalcitrance of avocado tissues to in vitro regeneration.
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In avocado, somatic embryogenesis is the method that is
most frequently employed for adventitious plant regener-
ation (Litz et al. 2005). Embryogenic cultures derived from
immature zygotic embryos of different avocado genotypes
have been obtained (Pliego-Alfaro and Murashige 1988;
Sanchez-Romero et al. 2006; Witjaksono and Litz 1999a).
However, the conversion of somatic embryos (SE) occurs
at very low rates of 5-11 % (Sanchez-Romero et al. 2006;
Pliego-Alfaro et al. 2013). Pliego-Alfaro and Murashige
(1988) ascribed the low conversion rate of avocado SE to
an abnormal development caused by the failure of the shoot
apical meristem to become organized.

Somatic embryos should undergo a maturation phase
during which induced biochemical and morphological
changes will later facilitate plant conversion (Ammirato
1987). These changes involve the accumulation of storage
proteins, the repression of precocious germination and the
acquisition of desiccation tolerance (Jiménez 2005; Bray-
brook and Harada 2008). Generally, the accumulation of
storage products turns translucent embryos into white-
opaque embryos. This change has been used as a maturity
indicator in several species, including avocado (Cailloux
et al. 1996; Witjaksono and Litz 1999b; Peran-Quesada
et al. 2004; Cerezo et al. 2011). Few attempts to study the
factors that are involved in the maturation of avocado SE
have been reported thus far. It has been shown that sup-
plementing the maturation medium with filter-sterilized
coconut water or increasing its sucrose concentration
improves the quality of avocado SE (Witjaksono and Litz
2002; Peran-Quesada et al. 2004). Marquez-Martin et al.
(2011) studied the effect of gelling agent types and con-
centrations, as well as the addition of osmotic agents, on
SE maturation. In general, the maturation response of
avocado SE was improved in culture media with high
concentrations of a gelling agent. In contrast, the addition
of polyethylene glycol (PEG) or sorbitol did not positively
affect the SE maturation (Marquez-Martin et al. 2011).
Apparently, the benefits of culture media with a high gel-
ling agent concentration on the maturation of avocado SE
are related to increased gel strength and decreased water
availability. An alternative approach to obtaining mature
SE by reducing water availability consists in the culture of
SE on top of cellulose acetate semi-permeable membranes.
This procedure has been successfully used by Niedz et al.
(2002) and Cerezo et al. (2011) to normalize the devel-
opment of citrus and olive SE, respectively.

The aim of this investigation was to develop an
improved regeneration system for avocado SE. To achieve
this goal, several factors affecting SE maturation, such as
pre-maturation on cellulose acetate membranes or culture
on media supplemented with coconut water and high
sucrose, were analyzed. Furthermore, the effect of mem-
brane treatments on the water status of SE was evaluated.
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Materials and methods
Plant material and culture conditions

An embryogenic avocado (P. americana Mill.) culture line,
D2.3, was established from an immature zygotic embryo,
cv. ‘Duke 7°, according to Pliego-Alfaro and Murashige
(1988) on Murashige and Skoog (MS) medium (Murashige
and Skoog 1962) that was supplemented with 0.41 pM
picloram (MSP medium) and solidified with 6 g L™" agar
(Sigma A-1296). The D2.3 culture was incubated in
darkness at 25 £ 1 °C. The embryogenic cultures were
maintained in MSP medium and were subcultured at
monthly intervals.

Treatments for somatic embryo maturation

For maturation, embryogenic suspensions were initiated
following the protocol of Marquez-Martin et al. (2012).
Approximately 0.4 g friable callus was used to inoculate
40 mL liquid MSP medium in 100-mL Erlenmeyer flasks.
The suspensions were incubated in an orbital shaker
(120 rpm) under a low irradiance level (5 pmol m2sh
with a 16-h photoperiod at 25 °C. After 9 days, the cultures
were sequentially sieved through 2- and 1-mm pore mesh,
selecting the fraction that was retained in the 1-mm pore
mesh. To test the effect of the cellulose acetate semi-per-
meable membranes on SE maturation, 100 mg of the
selected fraction was cultured on top of 4 x 4 cm dialysis
tubing cellulose acetate membranes (MW cut-off 12,000,
Sigma D9777) in 120-mL jars containing 40 mL B5m10A
maturation medium [MS formulation with macronutrients
from Gamborg et al. (1968), gelled with 10 g L™" agar]
(Marquez-Martin et al. 2011). The membranes were pre-
pared following the manufacturer’s instructions and were
autoclaved twice in distilled water at 121 °C for 20 min.
The somatic embryos were cultured on the membranes for
5 weeks, and the number of white-opaque somatic embryos
(WOSE) was recorded after this culture period.

In a different experiment, the effect of culturing WOSE
in several maturation media to increase their size prior to
germination was evaluated. In this experiment, the WOSE
that were cultured in BSm10A medium for 5 weeks, with or
without the cellulose acetate membranes, were subjected to
the following treatments: 1) 2 cycles of a 5-week culture in
B5m10A; 2) 5 weeks of culture in BSm10A followed by
5 weeks in B5m10A-S-CW (B5m10A medium supple-
mented with 45 % sucrose and 20 % [v/v] filter-sterilized
coconut water [Sigma, C5915]); and 3) 2 cycles of a 5-week
culture in BSm10A-S-CW. The number of mature WOSE,
their size and the presence of calli were recorded at the end
of the maturation period. A total of 25 WOSE per treatment
were used, and the experiment was conducted twice.
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Somatic embryo germination

White-opaque SE with diameters greater than 5 mm,
derived from SE pre-matured with or without the cellulose
acetate membranes as described above, and later matured
for 5 weeks in BSm10A followed by an additional 5-week
period in B5m10A-S-CW, were germinated as described
by Palomo-Rios et al. (2012). The WOSE were transferred
to liquid germination medium, MS medium supplemented
with 4.44 uM 6-benzyladenine (BA) and 2.89 pM gibber-
ellic acid (GA3) (Witjaksono and Litz 1999a) for 3 days in
a roller drum and then cultured in the same medium gelled
with 6 g L™ agar for 4 weeks. This treatment was repe-
ated three times. A total of 30 WOSE per treatment were
used, and the experiment was conducted twice.

Water potential measurements

The water potential (¥w) in the control embryos and the
embryos pre-matured on cellulose acetate membranes was
measured using a Wescor Dew Point Microvoltmeter HR-
33T in dew point mode. The isolated embryos 3 mm in
length were incubated in a C-52 sample chamber, and the
dew point depression was recorded after 35 min of equil-
ibration. The Ww was estimated in the control and mem-
brane-treated WOSE after 5 weeks of culture in BSm10A
and after an additional incubation period in Petri dishes
with 100 % relative humidity for 48 h. A minimum of 19
embryos per treatment were measured.

Abscisic acid content

The abscisic acid (ABA) content was measured in the
WOSE that were pre-matured with or without cellulose
acetate membranes after 5 weeks of culture in B5m10A.
The ABA was extracted following the procedure of
Walker-Simmons et al. (2000). The somatic embryos
(50 mg per treatment) were frozen in liquid nitrogen,
lyophilized, and extracted with 5 mL methanol for 20 h at
4 °C. Then, the samples were centrifuged at 9,000x g for
10 min, and the amount of ABA in the supernatant was
estimated using the ELISA Phytodetek ABA Test Kit
(Agdia, USA), following the manufacturer’s instructions.
Two independent extractions per treatment and four mea-
surements per extraction were performed.

Water availability of the culture medium

The effect of the cellulose membranes on the water
availability was estimated by measuring the amount of
water that was absorbed by 2 x 2 cm filter paper laid on
the surface of the BSm10A culture medium with or without
cellulose membranes. The filter papers were incubated at

25 °C for 24 h. Then, the water was removed by incubating
the papers at 100 °C for 24 h. The amount of absorbed
water was estimated as the difference in filter paper weight.
Each treatment contained 6 replicates.

The matric potential (W¥,) in 0.5-cm-diameter filter
papers that were incubated on the surface of the BSm10A
medium with or without cellulose acetate membranes for
24 h was measured using a Wescor Dew Point Micro-
voltmeter HR-33T in dew point mode. The papers were
incubated in a C-52 sample chamber, and the dew point
depression was recorded after 5 min of equilibration.
A total of 10 replicates per treatment were used.

Statistical analysis

The data were subjected to analysis of variance (ANOVA)
using SPSS software. Tests for normality and homogeneity
of variance were performed prior to the ANOVA, and
Student’s ¢ test or the Mann—Whitney U test was used for
the mean separation in the case of homogeneous or non-
homogeneous variance, respectively. Frequency analyses
were performed using the % test (Sokal and Rohlf 1995).

Results

Effect of cellulose acetate membranes on embryo
pre-maturation

Embryogenic calli were cultured on top of cellulose acetate
membranes that were placed on BSm10A medium, and the
number of white-opaque SE (WOSE) was recorded after
5 weeks of culture. In the control treatment without the
membrane, a mean number of 5.3 WOSE per 100 mg of
calli was obtained, with 13 % of these embryos being
larger than 5 mm (Table 1). A significantly higher number
of WOSE was obtained when the calli were cultured over
the cellulose acetate membrane (Table 1). However, all of
the WOSE that were collected over the membrane were
55 % smaller than the control embryos, and none reached
5mm in length (Table 1). Interestingly, the mature
embryos that were collected over the membrane treatment
were of a superior quality compared with the control
embryos. The appearance of the control WOSE was rough,
while the embryos that were matured over membrane were
smooth with a white surface (Fig. la, b). Additionally,
culturing on the cellulose membranes significantly reduced
the amount of proliferating calli (Table 1).

Effect of maturation treatments

The optimum size for somatic embryo germination is in
the range of 4-5 mm (Peran-Quesada et al. 2004,
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Table 1 Effect of cellulose acetate membranes on the pre-maturation
of avocado SE

Control Membrane
Number of WOSE/100 mg calli
<5 mm 46+06D 7.1 +05a
>5 mm 07+09a 0b
Total 534+0.7b 7.1 +05a
Mean WOSE size (mm) 27+0.1a 1.24+03b
Amount of calli (g/100 mg) 1.1 £00a 0.1 £00b

A total of 100 mg calli was cultured on B5Sm10A 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

Marquez-Martin et al. 2011). After 5 weeks of culture in
B5m10A, independent of the use of the cellulose acetate
membranes, most of the WOSE were smaller than 5 mm.
Thus, several 2-step maturation treatments were tested to
increase the embryo size: (1) two cycles of a 5-week cul-
ture in BSm10A (treatment 1); (2) a 5-week culture in
B5m10A followed by another 5-week period in B5m10A
medium supplemented with 45 g L™ sucrose and 20 % (v/
v) coconut water (BSm10A-S-CW) (treatment 2); and (3)
two cycles of a 5-week culture in BSm10A-S-CW medium
(treatment 3). In the embryos that were obtained without
cellulose membranes, the mean size after 10 weeks of
culture was similar in the three maturation treatments
(Fig. 2a). Similarly, no differences in embryo size were
observed in the three maturation treatments when using
embryos that were pre-matured on cellulose membranes
(Fig. 2a). However, these embryos were slightly smaller
than the control WOSE, although the differences were not
statistically significant. The average embryo size was
5 mm and 6 mm in embryos that were pre-matured with
and without the cellulose acetate membranes, respectively.
Treatments 2 and 3 (maturation in a medium with high
sucrose and coconut water) increased the percentage of SE
that formed calli when using the embryos that were not pre-
matured on cellulose membranes (Fig. 2b); however, this
effect was not observed in the WOSE that were cultured on
the membrane, and this percentage was even lower in the
treatments using B5m10A-S-CW medium than in treat-
ment 1 (10 weeks in BSm10A), although the differences
were not statistically significant. Finally, lower percentages
of explants that were showing signs of necrosis were
observed in the WOSE that were cultured for 5 weeks in
B5m10A followed by culturing in B5m10A-S-CW
compared with those in the other treatments, although the
differences with treatment 3, in the case of membrane-treated
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SE, were not statistically significant. The reduction of
necrosis was enhanced by the use of the cellulose mem-
branes in SE pre-maturation (Fig. 2c). Therefore, based on
these observations, treatment 2 was chosen for the matu-
ration of WOSE. The appearances of the SE that were pre-
matured with or without the membranes and that were
matured in BSm10A followed by B5m10A-S-CW are
shown in Fig. Ic, d.

Effect of cellulose acetate membranes on embryo
germination

The WOSE whose size was >5 mm and that were pre-
matured with or without (Control) the cellulose acetate
membranes and matured following the optimal media
sequence described above were subjected to the germi-
nation protocol reported by Palomo-Rios et al. (2012).
The germination frequency in the control embryos was
lower than 10 % (Fig. 3). The use of the membranes to
pre-mature the SE significantly increased the germination
rate, which reached values close to 40 %. In most cases,
only shoot emergence was observed, while the shoot and
the root rarely appeared simultaneously. The shoots
obtained were weaker than in the plants that were derived
from zygotic embryos, as is normal in this species (San-
chez-Romero et al. 2006); however, for plant recovery,
these shoots were multiplied and rooted following the
protocol of Barcelo-Mufioz et al. (1999). Figure le, f
shows the germinated SE at different developmental
stages, and Fig. 1g shows an acclimated plant that was
derived from embryos that had been previously matured
on the membrane.

Water potential measurements and ABA content

To gain insight regarding the role of cellulose acetate
membranes in the pre-maturation process of avocado SE,
the effect of these membranes on the water availability of
the BSm10A medium, as well as the water potential and
abscisic acid content in the pre-matured SE, were measured
after the 5-week culture period in this medium. The effect
of the cellulose membranes on the water availability was
determined by measuring the amount of water that was
absorbed by the filter papers that were overlaid on the gel
or on the membrane surface. The amount of water that was
absorbed by the filter papers that were placed on the cel-
lulose membranes was 2.8-fold lower than in those located
in the surface of the medium: 0.023 £ 0.002 versus
0.064 £ 0.003 g in the membrane and control treatments,
respectively. Moreover, the matric potential (¥m) in the
filter papers was significantly lower in those that were
incubated over the membrane, with average values of
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Fig. 1 The appearance of the white-opaque SE that were obtained
after a 5-week culture in BSm10A without (a) or with the cellulose
acetate membranes (b). The appearance of the WOSE that were pre-
matured without (¢) or with the cellulose acetate membranes (d) after
a maturation treatment consisting of a 5-week culture in BSm10A
followed by an 5 additional weeks in B5m10A-S-CW medium.

—37.7 £ 4.0 versus —21.3 + 2.7 MPa in the filters that
were directly overlaid on the medium.

The water potential (‘Ww) was significantly lower in the
WOSE that were cultured on the cellulose acetate mem-
brane than in control embryos (Fig. 4a). Some of the
WOSE were incubated in Petri dishes with 100 % RH for

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 BSm10A, followed by
5 additional weeks in BSm10A-S-CW. In all figures, scale bars
correspond to 1 cm

48 h to determine their hydration capacity. As expected,
the Ww in the control embryos increased significantly,
reaching a value close to —0.5 MPa (Fig. 4b). Similarly,
the Ww of the membrane-treated embryos increased, but
even in this situation, the Pw value was significantly lower
than in the control embryos. Regarding ABA content, the
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0 T T T
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Treatments

Fig. 2 The effect of different maturation treatments on the SE size
(a), explant with calli (b) and percentage of necrosis (c¢) in the WOSE
that were obtained without (control) or with the cellulose acetate
membranes. Treatment 1: 2 cycles of a 5-week culture in BSm10A;
treatment 2: 5 weeks in BSm10A followed by 5 weeks in BSm10A-S-
LC; treatment 3: 2 cycles of a 5-week culture in BSm10A-S-LC. The
data correspond to the mean £ SE. The data were statistically
analyzed by ANOVA (SE size) and the ¥ test (explant-forming calli
and necrotic SE), at P = 0.05. The mean separation between the
control and membrane-treated WOSE within each treatment is
indicated by capital letters. The mean separation within the matu-
ration treatments was performed separately for the control and
membrane-treated SE and is indicated by lower-case letters

WOSE that were pre-matured on the cellulose acetate
membranes showed statistically significant lower values
compared with the control WOSE (Fig. 5).
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60

Q

50

30

20

Germination frequency (%)

0 T T
Control Membrane

Fig. 3 The germination frequencies of the WOSE that were pre-
matured without (control) or with the cellulose acetate membranes
and matured by culturing for 5 weeks in B5m10A followed by
another 5 weeks in BSm10A-S-CW medium. The data correspond to
the mean & SE. The mean separation was performed using the x> test
at P = 0.05

Discussion

Generally, incomplete development is the cause of the low
germination rate observed in the SE of many species. Only
mature embryos with a normal morphology that have
accumulated enough storage materials and acquired des-
iccation tolerance develop into normal plants at the end of
the maturation phase (von Arnold et al. 2002). In avocado,
plant recovery through somatic embryogenesis is mainly
limited by poor SE maturation, which leads to very low
germination rates (Peran-Quesada et al. 2004; Marquez-
Martin et al. 2011; Pliego-Alfaro et al. 2013). The culture
of embryogenic calli in media with a decreased water
potential, either from increasing the concentration of a
gelling agent or from the addition of osmotic agents, is a
common procedure for the production of high quality
mature embryos (Krajnakova et al. 2009; Troch et al. 2009;
Buendia-Gonzilez et al. 2012). According to Peran-Ques-
ada et al. (2004), avocado SE maturity is enhanced by BS5
major salts. A higher number of mature, white-opaque SE
were obtained when a medium with B5S macroelements was
gelled with 10 g L™ agar, a concentration higher than that
which is considered standard; however, the addition of
osmotic agents, such as PEG or sorbitol, did not improve
maturation (Marquez-Martin et al. 2011). The increase of
the gelling agent concentration increased the medium gel
strength, although it did not affect the medium water
potential (Marquez-Martin et al. 2011). Increasing the gel
strength with a high gellan gum concentration also
improved the maturation and germination of Pinus strobus
SE (Klimaszewska and Smith 1997; Klimaszewska et al.
2000). The benefits of a high gelling agent concentration
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Fig. 4 The water potential (‘Yw) of the white-opaque SE that were
pre-matured without (control) or with the cellulose acetate mem-
branes. a The water potential of the SE after 5 weeks in culture with
B5m10A. b The water potential of the SE that were pre-matured for

60

50

o

40 -

30 - T

20

ABA concentration (ng g'FW)

0 T 7
Control Membrane

Fig. 5 The abscisic acid content in the WOSE that were pre-matured
without (control) and with the cellulose acetate membranes. The data
correspond to the mean £ SE. The mean separation was performed
using Student’s ¢ test at P = 0.05

on SE maturation are related to reduced water availability
(Owens and Wozniak 1991; Klimaszewska et al. 2000). In
a few species, the culture of SE on cellulose semi-perme-
able membranes has been used as an alternative approach
to restrict the water availability and improve maturation.
The use of membranes normalized the development of
citrus SE into heart-shaped-stage embryos that were
capable of germination (Niedz et al. 2002; Niedz 2006).
Similarly, Cerezo et al. (2011) used cellulose acetate
membranes to obtain mature olive SE of superior quality
and greater germination rates. In avocado, the culture of
embryogenic calli on cellulose acetate membranes over
B5m10A medium significantly increased the number of
WOSE that were obtained. These embryos were smaller
but more homogeneous in size compared with the control
embryos that were pre-matured without membranes.
Moreover, the appearance of the membrane-derived WOSE

5 weeks in B5ml0A and incubated for 48 h at 100 % relativity
humidity. The data correspond to the mean £+ SE. The mean
separation was performed using Student’s ¢ test at P = 0.05

was different from that of the control, as they were white
and smooth, compared to the brown color and irregular
surface of the control embryos. Additionally, the mem-
brane treatment reduced the proliferation of embryogenic
calli. The homogeneity in the size and appearance of the
avocado embryos that were matured on the cellulose ace-
tate membranes suggests normalized development and
better quality compared with control embryos.

It has been previously shown that white-opaque avocado
SE should be 4-5 mm in size to germinate, and several re-
cultures in maturation medium are needed to reach this size
(Peran-Quesada et al. 2004; Marquez-Martin et al. 2011).
Peran-Quesada et al. (2004) observed a positive effect of a
high sugar concentration (175 mM) on somatic embryo
maturation. Moreover, supplementing the maturation
medium with filter sterilized-coconut water has also been
shown to improve the quality of the recovered SE (Wit-
jaksono and Litz 2002). In this study, the effect of a
medium containing a high sucrose concentration and
coconut water, BSm10A-S-CW medium, on the maturation
of the control and membrane-treated SE was evaluated.
Although the SE that were pre-matured on the cellulose
membrane were significantly smaller than the controls,
these WOSE increased in size after two additional re-cul-
tures, reaching an average size similar to that of the control
embryos independent of the maturation treatment
employed. The culture in BSm10A followed by BSm10A-
S-CW yielded the best results, as this treatment reduced the
percentage of necrotic explants without increasing the
amount of calli that developed from the WOSE. These
effects were enhanced by the cellulose membrane treat-
ment. As expected, the normalization of embryo develop-
ment and the improvement in embryo quality as a result of
pre-maturation on the cellulose acetate membranes signif-
icantly improved the germination rate of the WOSE, which
was fourfold higher than in the control treatment. It is
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noteworthy that the germination rate achieved with this
treatment, 40 %, is much higher than the previous values
that have been reported for avocado somatic embryo ger-
mination (Marquez-Martin et al. 2011; 2012). A similar
effect of cellulose membranes on the germination rate was
also observed in citrus and olive SE (Niedz et al. 2002;
Cerezo et al. 2011).

The mechanisms underlying the benefits of semi-per-
meable membranes in SE maturation are not well known.
The low amount of water that was absorbed by the filter
papers overlaid on the cellulose membrane that was placed
on the BSm10A medium demonstrates that the availability
of water to the SE that were cultured on the membrane was
substantially reduced. A similar result was previously
observed by Niedz et al. (2002). Increasing the gel con-
centration in the medium also reduces the water availability
(Klimaszewska et al. 2000). However, according to Niedz
et al. (2002), the level of water availability reduction that is
exerted by the membrane would be difficult to achieve with
gels. In fact, these authors were unable to reproduce the
benefits of the membranes in citrus SE with the use of
different concentrations and types of gelling agents or with
other compounds that reduce the osmotic potential of the
medium, such as PEG (Niedz et al. 2002). At the physio-
logical level, the culture of avocado SE on cellulose
membranes significantly reduced their water potential and
ABA content. The water potential is frequently used as a
measure of the water status of plant tissues (Taiz and
Zeiger 2010). Olive SE that were matured on cellulose
membranes showed a decrease in Ww, reportedly due to a
reduction in the solute potential as result of the accumu-
lation of storage products (Cerezo et al. 2011). The average
Yw value observed in the membrane-treated avocado SE
was similar to that reported by Cerezo et al. (2011) in olive.
The re-hydration of the avocado WOSE in 100 % RH
increased the Ww in both the control and membrane-treated
SE. However, the membrane-derived SE showed a lower
capacity to gain water, as those embryos maintained a ¥w
lower than that of the control. These results suggest that
membrane treatments induce the accumulation of storage
products in SE. The maturation of oak and Pinus strobus
SE in media with a high gelling agent concentration also
reduced the Ww of SE (Klimaszewska et al. 2000; Prewein
et al. 2004). Interestingly, the reductions in Ww that were
reported in those papers are much lower than those
observed in avocado or olive SE (Cerezo et al. 2011),
which were both pre-matured over cellulose membranes.
These data indicate that membranes exert a stronger effect
on the SE Ww compared with simply raising the agar
concentration.

It is thought that desiccation improves the germination
frequency, either by reducing the endogenous ABA level or
by changing the sensitivity to ABA (Prewein et al. 2004;

@ Springer

Jiménez 2005). In avocado, the somatic embryos that were
pre-matured over the cellulose acetate membranes showed
a lower ABA concentration and a significantly higher
germination rate compared with the control embryos.
Similarly, Prewein et al. (2004) reported a decrease in the
ABA content in oak SE that were derived from media that
were gelled with 1 % agar compared with those cultured
that were in media with 0.8 % agar. Additionally, it has
been shown that, as observed in avocado SE, the decrease
in the ABA content is parallel to a decrease in the osmotic
potential (Xu et al. 1990; Prewein et al. 2004). The
reduction in the ABA content during SE development
seems to be a prerequisite for embryo germination
(Cvikrova et al. 1998; Rajasekaran et al. 1992; Prewein
et al. 2004). The role of ABA in SE maturation could be
related to the synthesis and deposition of storage and late
embryogenesis-abundant (LEA) proteins (Dodeman et al.
1997; von Arnold et al. 2002).

In conclusion, we have improved the conversion of
avocado somatic embryos through the culture of the small
size fraction of embryogenic calli over cellulose acetate
membranes on a B5-based pre-maturation medium that was
solidified with 10 g L™' agar, followed by a re-culture of
the resulting WOSE in BSm10A and then another culture
in the same medium supplemented with a high level of
sucrose and coconut water. The membranes restricted the
water availability to the SE, reducing their WYw and ABA
concentration. The WOSE that were obtained using this
protocol were of high quality and showed a germination
rate much higher than that of the control embryos. Our
findings indicate that the use of cellulose membranes could
be an excellent alternative for the maturation of SE. This
approach avoids the negative effects that sometimes appear
when using osmotic agents to lower the medium ¥w.
Moreover, the use of cellulose acetate membranes induces
stronger changes in the SE water status compared with the
use of media with high gelling agent concentrations.
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