
Summary. The effect of phenolic compounds on somatic embryogen-
esis in Feijoa sellowiana was analysed. The results showed that caffeic
acid (140–560 �M) significantly increased somatic embryogenesis in-
duction compared with the control. The presence of phloridzin, even at
lower concentrations (11.5 �M), or caffeic acid or phloroglucinol at
concentrations greater than 140.0 and 197.5 �M, respectively, inhib-
ited somatic embryo development beyond the globular stage. When so-
matic embryos were transferred to the germination medium, the
highest rates of germination (81.9%) were obtained with embryos in-
duced in the presence of phloroglucinol (79.0 �M). At all concen-
trations tested, somatic embryos induced in medium containing
phloroglucinol germinated at higher rates than those induced in the
presence of caffeic acid. Histological and ultrastructural studies
showed that somatic embryos were formed in close association with
phenolic-rich cells which, in more advanced stages of development,
formed a zone isolating the embryo from the maternal tissue. A com-
parative analysis of total phenolic content indicated that phenolics
reached a peak by the third week of culture, independently of the
medium used. However, after that period, the amount of phenolic com-
pounds was significantly higher in explants cultured in the presence of
phloroglucinol than in those cultured in the control or in caffeic acid-
containing medium. Attempts to identify the type of phenolic com-
pounds showed that flavan-3-ols and gallic acid derivatives were
mainly produced in phloroglucinol-containing medium, whereas fla-
vanones and dihydroflavonols were also present in medium containing
caffeic acid. Flavones were the main phenols detected in the control.
The ways in which phenolic compounds may affect somatic embryoge-
nesis are discussed.
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Introduction

Somatic embryogenesis has been induced in hundreds of
angiosperms and gymnosperms, including a large number
of woody plants (Thorpe and Stasolla 2001). The forma-
tion of somatic embryos is now recognized as a useful
method of clonal propagation, but somatic embryogenesis
can also be used for plant regeneration from transformed
cells, artificial seed production, and for the study of plant
embryogenesis (von Arnold et al. 2002). For the family
Myrtaceae, somatic embryogenesis has been reported for
several members of the genus Eucalyptus (Muralidharan
and Mascarenhas 1995, Watt et al. 1999), as well as other
species of different genera (Canhoto et al. 1999a).

Feijoa sellowiana Berg., commonly known as pineap-
ple guava or feijoa, is a woody subtropical myrtaceous
plant native to South America that has spread all over the
world as an ornamental tree (Canhoto and Cruz 1996a).
Nowadays, feijoa is mainly grown for the quality of its
fruits, New Zealand being the main producer and exporter
(Canhoto and Cruz 1996a).

Somatic embryogenesis in feijoa was first achieved by
our group (Cruz et al. 1990). Later work optimized the
protocol for somatic embryogenesis induction (Canhoto
and Cruz 1994) and showed the precise origin of somatic
embryo formation, as well as the cytological and histolog-
ical modifications occurring in cotyledons during somatic
embryo differentiation (Canhoto and Cruz 1996b, Canhoto
et al. 1996). Further studies of somatic embryogenesis in
this plant showed the potential of floral explants for so-
matic embryo formation (Stefanello et al. 2005) and the
effectiveness of different nitrogen sources in the induction
process (Dal Vesco and Guerra 2001). However, as in
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most of the species in which somatic embryogenesis has
been induced, the factors controlling somatic embryo forma-
tion and embryo development are still poorly understood.

Phenolic compounds constitute a wide range of plant
substances which all possess an aromatic ring bearing one
or more hydroxyl groups (Harborne 1998). They are nor-
mally viewed as deleterious compounds during in vitro
culture, since their exudation and oxidation negatively af-
fect the explants, causing browning and necrosis, espe-
cially when mature explants of woody plants are used
(Warrag et al. 1990, Benson 2000, Martin and Madassery
2005). However, a more detailed analysis of the literature
shows that, in several cases, phenolic compounds seem to
be essential for the control of some morphogenic processes
occurring in vitro, indicating that their role is far from be-
ing understood. Examples of the positive effect of pheno-
lic compounds on morphogenic processes occurring in vitro
are the stimulation of root formation (Mato et al. 1988,
Berthon et al. 1993) and elongation (Ramírez-Malagón
et al. 1997), shoot proliferation (Sarkar and Naik 2000),
organogenesis (Lee and Skoog 1965, Lorenzo et al. 2001),
androgenesis (Delalonde et al. 1996), and somatic em-
bryogenesis (Hanower and Hanower 1984, Cvikrová et al.
1998, Cvikrová and Hrubcová 1999). Previous studies
of feijoa (Canhoto and Cruz 1996b, Cangahuala-Inocente
et al. 2004) and other woody species, such as myrtle
(Canhoto et al. 1999b), carob (Canhoto et al. 2006), and
bay laurel (Canhoto et al. 1999c), carried out in our labo-
ratory have shown that early stages of somatic embryo
differentiation are often associated with phenolic-rich
cells. Considering these observations and the above-men-
tioned references, the aim of this work was to assess the
effect of phenolic compounds on somatic embryogenesis
induction in feijoa and the qualitative and quantitative
variations in phenolic biosynthesis during the embryo-
genic process.

Material and methods

Plant material

Fruits were collected from plants growing at the Botanical Garden of the
University of Coimbra during the months of September and October.
Seeds were excised and surface sterilized for 15 min in a 7.5% calcium
hypochlorite solution.

Somatic embryogenesis induction and germination

For somatic embryogenesis induction, whole intact cotyledonary zygotic
embryos were isolated and cultured in the induction medium, which con-
sisted of MS medium (Murashige and Skoog 1962) containing 4.5 �M
2,4-dichlorophenoxyacetic acid and 0.27 M sucrose. The cultures were
incubated at 25 � 1 °C in the dark and the percentage of explants form-
ing somatic embryos was evaluated after 2.5 months of incubation. A

more detailed description of this methodology was given elsewhere
(Cruz et al. 1990, Canhoto and Cruz 1994). The effects of three phenolic
compounds, phloroglucinol, a simple phenol (7.9 to 1264.0 �M), caffeic
acid, a phenolic acid (5.6 to 896.0 �M), and phloridzin, a dihydrochal-
cone (2.3 to 368.0 �M), on somatic embryogenesis induction were
tested, and the results were compared with those obtained in induction
medium without phenolic compounds. Each treatment consisted of three
replicates of 15 to 20 zygotic embryos.

Morphologically normal cotyledonary embryos were used in the ger-
mination assays. Somatic embryos were removed from the mother tissue
and cultured in a modified MS medium containing 0.03 M sucrose and
with the major salts reduced to half strength. The medium was supple-
mented with 5.7 �M gibberellic acid and 2.3 �M kinetin. Somatic em-
bryos originated in the control (induction medium without phenols) and
in media containing 7.9 to 197.5 �M of phloroglucinol or 5.6 to
140.0 �M caffeic acid were tested for somatic embryo germination. The
results were obtained after 7 weeks of culture at a photoperiod of 14 h
light (15–20 �mol/m2s photosynthetically active radiation provided by
cool white fluorescent lamps) and 10 h dark, and each treatment con-
sisted of three replicates of 20 to 25 somatic embryos. Embryos in which
the cotyledons had turned green and the root had developed were consid-
ered germinated. For statistical analysis, all quantitative data expressed
as percentages were first submitted to arcsine transformation and the
means were corrected for the bias before a new conversion of the means
and standard error back into percentages (Zar 1996). Statistical analysis
was performed by an analysis of variance (ANOVA) by Statgraphics 7.0
and the significantly different means were identified by the Tukey test
(P � 0.05).

Histological and ultrastructural studies

For histological studies, sectioned cotyledons from noncultured embryos
and from embryos cultured for 5, 7, 10, 14, 21, and 28 days on the in-
duction medium were fixed for 2 h in a solution consisting of 2.5%
(w/w) glutaraldehyde and 0.2 M sucrose prepared with 0.1 M phosphate
buffer, pH 7.0, and postfixed at room temperature for 1 h in 1% (w/v) os-
mium tetroxide solution prepared with the same buffer. Samples were
thoroughly dehydrated in an ethanol series (20, 40, 60, 80, 95, and
100%, v/v) and embedded in Spurr resin. Sections (1–2 �m thick) were
made with glass knives on an LKB Ultratome III and stained with 0.2%
(w/v) toluidine blue.

Material for scanning electron microscopy and transmission electron
microscopy observations was prepared using the fixation procedure
adopted for histological studies. Ultrathin sections were made on an
LKB ultramicrotome with a diamond knife and collected on uncoated
copper grids. Sections were conventionally contrasted with uranyl ac-
etate and lead citrate for 15 and 10 min, respectively, and observed under
a Siemens Elmiskop 101 transmission electron microscope at 80 kV. For
scanning electron microscopy examinations, the samples were critical-
point dried with carbon dioxide as the transition fluid and coated with
gold. The specimens were mounted on aluminium stubs and examined
with a JEOL JSM-T330 scanning electron microscope operating at
20 kV. A more detailed description of these procedures has been pro-
vided by Canhoto et al. (1996).

Extraction and quantitative analysis of total phenolic compounds

Total phenolics were estimated by a modified version of the Folin–
Ciocalteu method (Folin and Ciocalteu 1927) described by Wang et al.
(1997). Briefly, noncultured zygotic embryos and explants cultured for 1
to 5 weeks in the control (induction medium) or in the induction medium
supplemented with 79.0 �M phloroglucinol or 56.0 �M caffeic acid
were transferred to liquid nitrogen and ground, and the phenolics were
extracted with methanol (2.5 ml of methanol to 100 mg of tissue) in a
blender. After centrifugation at 3000 rpm (1360 g 10 min, 4 °C), the su-
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pernatant was collected and the extraction process was repeated once
more. Subsequently, the methanolic extracts were concentrated under ni-
trogen flow to a volume of 1 ml. Sample aliquots were put in volumetric
flasks (volume, 10 ml) and concentrated to dryness. The residues were
dissolved with 70% aqueous acetone (100 �l) and ultrapure water
(1.9 ml). Folin–Ciocalteu reagent (1 ml) was added and swirled for
1 min. A solution of 20% (w/v) aqueous sodium carbonate (5 ml) was
added and made up to 10 ml with ultrapure water. The flasks were
stopped and mixed by inverting several times for 1 min. After 20 min,
the absorbance of the solutions was measured at 700 and 735 nm in a Hi-
tachi U-2000 spectrophotometer and the results were expressed as grams
of gallic acid equivalents per 1 g of fresh material. All samples were
analysed in triplicate on the basis of the standard curve (y � 1.237922x
� 0.079362, r � 0.99). Statistical analysis was performed by ANOVA
(Statgraphics 7.0) and the significantly different values were identified
by the Tukey test (P � 0.05).

High-performance liquid chromatography analysis

All extracts (20 �l) were injected into a Gilson high-performance liquid
chromatography (HPLC) system equipped with a diode-array detector
(DAD). The studies were carried out on a Spherisorb S5 ODS-2 column
(length, 250 mm; inner diameter, 4.6 mm; particle size, 5 �m; Waters)
and a Nucleosil guard cartridge C18 (length, 30 mm; inner diameter,
4 mm; particle size, 5 �m; Macherey-Nagel) at 25 °C. A mobile phase
constituted by 5% (v/v) aqueous formic acid and methanol was used. For
the indicated periods of the 60 min assay, methanol was used with a dis-
continuous gradient of 5–15% (0–10 min), 15–30% (10–15 min),
30–35% (15–25 min), 35–50% (25–35 min), and 50–80% (35–40 min),
followed by an isocratic elution for 20 min, at a flow rate of 1 ml/min.
Chromatographic profiles were recorded at 280 and 320 nm. Data treat-
ment was carried out by the Unipoint 2.10 software.

Results

Effect of phenolic compounds on somatic embryogenesis
induction and somatic embryo conversion

The effect of exogenous phenolic compounds on somatic
embryogenesis induction in feijoa was analysed through
the inclusion of phenols in the induction medium. The
results showed that the presence of caffeic acid at concen-
trations between 140.0 and 560.0 �M significantly in-
creased somatic embryo formation over the control, with
100% of the explants producing somatic embryos. Similar
results were achieved when 197.5 �M phloroglucinol was
tested, although in this case the frequency of induction did
not reach 100% (Table 1). The data clearly show that the
inclusion of phenolic compounds in the induction medium
strongly inhibited somatic embryo formation, especially
at concentrations greater than 197.5 �M phloroglucinol
and 57.5 �M phloridzin (Table 1). In the case of caffeic
acid, the frequencies of induction remained high even at
the maximum concentrations used (Table 1). Somatic em-
bryos formed in the presence of phloridzin only occasion-
ally passed the globular stage of development (Fig. 1A).
More advanced stages of somatic embryo development

(torpedo and cotyledonary) were only observed at the
lowest concentration used (2.3 �M). In contrast, somatic
embryos formed on media containing up to 197.5 �M
phloroglucinol or 140 �M caffeic acid were morphologi-
cally identical to those developing in the control, and most
of them passed through the different morphological phases
resembling common aspects of zygotic embryogenesis
(Fig. 1B, C). However, at higher concentrations of these
phenols, somatic embryos also failed to reach more ad-
vanced stages of development, as with phloridzin.

Cotyledonary somatic embryos (Fig. 1D, E) developed
on media containing phloroglucinol (7.9 to 197.5 �M) or
caffeic acid (5.6 to 140.0 �M) were transferred to the ger-
mination medium in order to determine whether the in-
duction media could affect somatic embryo germination.
Somatic embryos formed on media supplemented with
phloridzin or with phloroglucinol or caffeic acid at con-
centrations greater than 197.5 �M or 140 �M, respec-
tively, were not used since, as already mentioned, they did
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Table 1. Effect of different phenolic compounds on somatic embryoge-
nesis induction

Phenolic compound Nr. of % explants with
(�M) in induction explants embryogenesis 
medium cultured induceda

None 57 84.2 � 3.1 b,c
Phloroglucinol
7.9 48 87.5 � 7.2 b,c
39.5 48 75.0 � 3.6 c,d
79.0 40 72.5 � 7.8 c,d
197.5 38 94.7 � 5.6 a,b
395.0 48 43.8 � 1.8 g
790.0 39 66.6 � 4.1 d
1264.0 42 23.8 � 1.4 h
Caffeic acid
5.6 51 88.2 � 4.6 b
28.0 42 92.8 � 9.2 b
56.0 51 88.2 � 6.9 b
140.0 43 100.0 a
280.0 46 100.0 a
560.0 39 100.0 a
896.0 42 92.9 � 6.3 b
Phloridizin
2.3 45 91.1 � 7.1 b
11.5 42 92.9 � 7.1 b
23.0 44 88.6 � 2.0 b
57.5 49 93.9 � 3.4 b
115.0 48 50.0 � 5.6 f
230.0 49 57.1 � 0.5 e
368.0 56 7.1 � 2 i

a Each value is the mean with standard error of three replicates. Values
followed by the same letter are not significantly different (Tukey test,
P � 0.05)



not reach the appropriate stage of development. The re-
sults showed that the highest number of germinated em-
bryos (Fig. 1F) was obtained when 79 �M phloroglucinol
was used (Table 2), and this value was significantly differ-
ent from all other tested media. The results also indicated
that, at the same phenol concentrations, somatic embryos
germinated at higher rates when they were produced on
medium containing phloroglucinol than on medium con-
taining caffeic acid.

Microscopy studies

Histological analysis during somatic embryo development
showed that somatic embryos were generally formed in
association with phenol-rich cells (Fig. 2A). This associa-
tion was found both in the control and in explants cultured
in the presence of the different phenols and could be ob-
served from the early stages of somatic embryo differenti-
ation (one and two weeks of culture), where few-celled
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Fig. 1 A–F. Morphological aspects of so-
matic embryogenesis induction and somatic
embryo germination. A Globular somatic
embryos on a medium containing 23.0 �M
phloridzin (�85). B Somatic embryos (ar-
rows) at different stages of development on
medium containing 79.0 �M phloroglucinol
(�8). C Several somatic embryos (s) and 
a callus (ca) developing from a cotyledon
(cot) of a zygotic embryo (�63). D Scanning
electron microscopy image of a cotyledonary
somatic embryo (�65). E Somatic embryo
produced on medium containing 56.0 �M
caffeic acid just before inoculation into the
germination medium (�13.5). F Germinated
embryo (�8)

Table 2. Somatic embryo germination on MS medium containing gib-
berellic acid and kinetina

Phenolic compound Nr. of % embryos 
(�M) in germination embryos germinatedb

medium cultured

None 70 41.4 � 1.7 d
Phloroglucinol
7.9 67 58.2 � 3.1 c
39.5 75 69.3 � 3.7 b
79.0 72 81.9 � 5.1 a
197.5 67 61.2 � 1.4 c
Caffeic acid
5.6 69 24.6 � 2.6 f
28.0 69 33.3 � 3.6 e
56.0 72 25.0 � 1.2 f
140.0 75 9.3 � 3.5 g

a Somatic embryos were generated on media containing caffeic acid or
phloroglucinol and compared with the control
b Each value is the mean with standard error of three replicates. Values
followed by the same letter are not significantly different (Tukey test,
P � 0.05)



embryos were surrounded by cells rich in phenols
(Fig. 2B). In more advanced stages of somatic embryo de-
velopment, from the third week of culture, somatic em-
bryos were separated from the supporting tissue by a zone
of phenol-rich cells that formed a kind of barrier making
it easy to detach the embryos from the mother tissue
(Fig. 2C, D). At this time, somatic embryos displayed a
strong polarity, showing a root pole, where more vacuo-
lated cells were present, and an apical pole containing a
dense cytoplasm, a large nucleus, and a prominent nucleo-
lus (Fig. 2E). By the second week of culture, cells of the
separation zone between the developing embryos and the
mother tissue became highly vacuolated and started to ac-
cumulate phenols that could be seen initially as electron-
dense zones near the tonoplast (Fig. 2F) or randomly
scattered in the vacuoles (Fig. 2G). In later stages, phenol
accumulation could be seen as dark zones that completely
filled the vacuoles (Fig. 2H). Phenol-accumulating cells

were also characterized by the presence of microbodies
possessing a granular matrix and a crystalloid diamond-
shaped inclusion (Fig. 2I). A few starch grains, poorly dif-
ferentiated mitochondria, and large areas of endoplasmic
reticulum were also frequently observed (Fig. 2I). Vesi-
cles fusing with the tonoplast were normally found in
cells of the separation zone (Fig. 2G), suggesting a mech-
anism of discharge of vesicular contents into the vacuoles.
In contrast to the cells of the developing embryos (Fig. 2J),
plasmodesmata were never found in the thick cell walls of
the separation zone.

Phenolic compound analysis

Since the highest number of plantlets was obtained
from embryos developed in medium containing 79.0 �M
phloroglucinol, we decided to compare the evolution of
the total phenol content in the explants cultured in the
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Fig. 2 A–J. Histological and ultrastructural
analysis of somatic embryo formation. A Sec-
tion of an embryogenic cotyledon showing
two developing somatic embryos (s). Note the
accumulation of phenols (arrows) mainly at
the base of the embryos (�620). B Few-celled
somatic embryo (s) surrounded by phenol-rich
cells (p) (�1900). C Globular somatic em-
bryo (s) connected to the mother tissue by a
zone (p) of cells in which phenolic com-
pounds are accumulated (�580). D Heart-
shaped (hs) and globular (gs) embryos linked
to callus tissue (ca) through a zone of pheno-
lic cells (p) (�210). E Section of a somatic
embryo showing two distinct zones: apical
zone (ap) and root pole (rp) (�620). F Sec-
tion of a nonembryogenic cell showing the ac-
cumulation of phenolic compounds (arrows)
near the tonoplast (�14100). G Cell of the
phenolic zone indicated in D showing pheno-
lic compounds randomly distributed in the
vacuole (v). Cytoplasmic vesicles presumably
fusing to the vacuole can be seen (arrow)
(�10800). H As in G, but showing the vac-
uoles completely filled with phenolic com-
pounds (p) (�14100). I Section of a cell from
the phenolic zone showing microbodies with a
crystalloid inclusion (mc), poorly differenti-
ated mitochondria (mt), and profiles of rough
endoplasmic reticulum (re) (�23500). J Two
adjacent cells of a somatic embryo showing
two plasmodesmata (arrows) (�35000)



presence of phloroglucinol with those cultured in the con-
trol and in medium containing 56.0 �M caffeic acid. The
results showed that the phenolic content of the initial ex-
plants (mature zygotic embryos) was quite low (Table 3).
By the first week of culture, the control explants had a
significantly lower phenol content than those cultured in
the presence of phloroglucinol. Two weeks later, by the
third week of culture, the amount of total phenols reached
a maximum in both conditions with no statistically signifi-
cant differences between them. This was also the time at
which the first globular somatic embryos started to appear
in the explants. After this period (fourth and fifth weeks),
the amount of phenols remained high in explants cultured
with phloroglucinol, whereas the phenol concentration
dropped considerably in the control explants (Table 3).
When the levels of endogenous phenolics in explants
cultured in the presence of 79.0 �M phloroglucinol or
56.0 �M caffeic acid were compared, statistically signifi-
cant differences were not detectable until the third week
of culture, when explants cultured in the phloroglucinol-
containing medium displayed higher levels (Table 3). Sim-
ilar differences between the two media were also observed
in the following weeks (Table 3).

Assays to analyse the type of phenols produced by ex-
plants cultured in the control (induction medium) and in
media containing 79.0 �M phloroglucinol or 56.0 �M
caffeic acid were carried out using a HPLC diode-array
detector. Three weeks after culture initiation, the phenolic
compounds produced differed qualitatively and/or quanti-
tatively, depending on the culture medium used (Fig. 3).
Under the conditions assessed, flavones (peaks 1, 3, and
5), a chalcone (peak 6), flavan-3-ols and gallic acid deriv-

atives (I), and ellagic acid and its derivatives (peaks 2 and
4, respectively) were identified. Flavones were the major
phenolic metabolites produced in the induction medium,
while the compounds of zone I were mainly synthesized
in medium supplemented with phloroglucinol or caffeic
acid (Fig. 3). HPLC chromatograms obtained from the
phenol-containing media extracts showed the presence of
epigallocatechin (Rt � 16.29 min) and epigallocatechin
gallate (Rt � 19.34 min), which were tentatively identi-
fied by comparing their UV spectra and retention times
with authentic samples. In the caffeic acid medium extract,
significant amounts of flavanones and/or dihydroflavonol
derivatives were also produced (Fig. 3, zones II), as indi-
cated by their UV spectra.
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Table 3. Time-course analysis of total phenolic compounds in explants
cultured on the embryogenic induction medium or in media containing
phloroglucinol or caffeic acid

Weeks of Total phenolics content in explants cultured:a

culture
Without With 79.0 �M With 56.0 �M
phenolics phloroglucinol caffeic acid

1 0.1 � 0.015 g 0.9 � 0.05 e 1.1 � 0.09 d,e
2 1.5 � 0.01 c 1.3 � 0.11 c 1.2 � 0.14 c,d
3 2.6 � 0.06 a 2.4 � 0.14 a 2.0 � 0.09 b
4 0.3 � 0.06 f 2.3 � 0.07 a 1.2 � 0.05 c,d
5 0.3 � 0.05 f 2.0 � 0.09 b 1.3 � 0.12 c

a Results expressed in milligrams of gallic acid equivalent per gram of
fresh weight. The initial amount of total phenolic compounds in the ex-
plants was 0.017 � 0.003 mg of gallic acid equivalent per g of fresh
weight. Each value is the mean with standard error of three replicates.
Values followed by the same letter are not significantly different (Tukey
test, P � 0.05)

Fig. 3. HPLC diode-array detector profiles of methanolic extracts from
embryos cultivated for three weeks in the induction medium (A) or in
the induction medium supplemented with 79.0 �M phloroglucinol (B) or
56.0 �M caffeic acid (C). Peaks 1, 3, and 5, flavones. Peak 2, ellagic
acid. Peak 4, ellagic acid derivatives. Peak 6, chalcone. Zone I, flavan-3-
ols and gallic acid derivatives. Zones II, flavanones and dihydroflavonol
derivatives



Discussion

The results presented in this work indicate that exogenous
phenolic compounds added to the embryogenic induction
medium affect both the somatic embryogenesis induction
and the further somatic embryo germination. Furthermore,
microscopic analysis showed a strong relationship between
somatic embryo development and phenolic-rich cells.
Other important findings of this work were that the levels
of total phenolics changed during the embryogenic process
and that the inclusion of exogenous phenols in the induc-
tion medium modified the type of phenolic compounds
present in the embryogenic explants and their relative
proportions.

Phenolic compounds are usually seen as deleterious com-
pounds for in vitro propagation, especially when woody
plants are used (Pan and van Staden 1998, Arezki et al.
2001, Tang and Newton 2004). However, an increasing
number of data seem to indicate that the role of phenolic
compounds in in vitro cultures should be analysed more
carefully since, in some systems, phenols promote in vitro
morphogenic processes. For example, the positive effects
of phenols on root formation (Mato et al. 1988, Caboni
et al. 1997, Gaspar et al. 1997) and shoot proliferation
(Jones 1976, Sarkar and Naik 2000) are well known. Less
detailed data are available concerning the involvement
of phenols in androgenesis (Delalonde et al. 1996) or
organogenesis (Lorenzo et al. 2001), but the available in-
formation appears to indicate a promoting effect at least
in some species. With respect to somatic embryogenesis,
previous studies have shown that phenolic compounds are
often associated with somatic embryo formation. For in-
stance, for coffee explants, it was observed that embryo-
genic calli developed only after browning of the initial
explant (Neuenschwander and Baumann 1992), a necro-
sis-like process which does not impair somatic embryo
formation. Similar observations have been made during
somatic embryogenesis induction in other woody species
(Radojevic 1979, Tulecke and McGranahan 1985, Anthony
et al. 2004). These results demonstrate that somatic em-
bryogenesis induction is not incompatible with phenolic
compound production during in vitro culture. More de-
tailed studies of the role of phenolics during somatic em-
bryogenesis induction have been performed by Alemanno
et al. (2003) and Ndoumou et al. (1997) in Theobroma ca-
cao and by Cvikrová and co-workers in alfalfa (Cvikrová
et al. 1996) and sessile oak (Cvikrová et al. 2003).
Ndoumou et al. (1997) found that the differentiation of so-
matic embryos in cacao is concomitant with a decrease in
phenolic content and an increase in the activity of indole-

3-acetic acid-oxidase. Further studies of the same species
detected the production of hydroxycinnamic amides in
embryogenic calli which were not present in the initial ex-
plants (Alemanno et al. 2003). Experiments carried out
with sessile oak indicated that the reduction of cinnamic
acids stimulates the formation of early stages of somatic
embryos (Cvikrová et al. 2003), whereas the same group
observed an increase in cell wall-bound phenolic acids in
embryogenic cells of alfalfa compared with nonembryo-
genic calli (Cvikrová et al. 1996). It is not yet clear how
phenolic compounds affect somatic embryogenesis in-
duction and somatic embryo development. A possible in-
terference of phenolic compounds with auxin metabolism
and, as a consequence, with the levels of this type of plant
growth regulator in the explants has been suggested by
some authors (Gross et al. 1977, Pressey 1990). It can be
hypothesized that these phenolics could also interfere
with auxin metabolism in feijoa, keeping auxin at concen-
trations particularly favourable for somatic embryogenesis
induction. However, this must be confirmed by auxin
quantification during the embryogenic process.

In our experiments, we found that the inclusion of
phloroglucinol and caffeic acid at specific concentrations
in the induction medium increased the levels of somatic
embryogenesis induction. At present, it is unclear how
these phenolic compounds promote somatic embryogene-
sis. It is possible that some of the phenolic compounds
produced in the presence of phloroglucinol and caffeic
acid could promote somatic embryogenesis. HPLC analy-
sis showed that these phenolic compounds were mainly
gallic acid derivatives, flavan-3-ols, flavanones, and/or di-
hydroflavonols. As far as we know, none of these com-
pounds have been reported to promote somatic embryo-
genesis or other types of in vitro morphogenesis. Flavan-
3-ols and gallic acid derivatives are frequently considered
to exhibit antioxidant activities (Wang et al. 1997). The
synthesis of phenolic compounds as a consequence of the
stress induced by tissue culture conditions has been shown
by other authors (Alemanno et al. 2003). However, as
pointed out by Alemanno et al. (2003), it must be deter-
mined whether the synthesis of these phenols is directly
related to somatic embryogenesis induction or is simply a
response to stress conditions occurring in vitro. In fact, it
is known that in some species, such as Arabidopsis
thaliana, stress conditions can enhance somatic embryo-
genesis induction (Ikeda-Iwai et al. 2003). Taken together,
these results seem to indicate that, in certain species, phe-
nolic compounds produced as a response of explants to
stress conditions can create a chemical environment ap-
propriate for somatic embryo formation and development,
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probably as a consequence of their antioxidant properties.
However, more detailed studies are necessary to confirm
this relationship and, in particular, to determine the activ-
ity of key enzymes of phenol metabolism, such as phenyl-
alanine ammonia lyase and polyphenol oxidase, and to
evaluate the role of the identified phenols in somatic em-
bryogenesis induction.

Inhibition of somatic embryo development beyond the
globular stage was observed for all the phenolics tested.
However, phloridzin was particularly inhibitory, since so-
matic embryos formed in the presence of this compound
were unable to reach more advanced stages of develop-
ment even at lower concentrations (11.5 �M). A similar
effect for phloroglucinol and caffeic acid was only de-
tected at higher concentrations (197.5 and 140.0 �M, re-
spectively). It is possible that the inhibitory effect of
phloridzin on sucrose absorption and transport (Eksittikul
et al. 2001) could explain the arrested somatic embryo
development, as well as the reduced levels of induc-
tion observed in the presence of higher concentrations
(�115 �M) of this compound. Somatic embryos formed
in the presence of this phenolic compound may not have
the appropriate amounts of sucrose necessary for basic
metabolic activities and therefore become arrested at the
globular stage or even at earlier stages of embryo develop-
ment. However, it should be pointed out that the inhibitory
effects could be the simple result of protein precipitation,
enzyme inactivation, or membrane damage due to high
phenol dosages (Dey et al. 1997). Ultrastructural studies
performed on explants cultured in the presence of such
high phenol concentrations did not show any signs of
membrane damage or organelle modifications when com-
pared with explants cultured in the control (data not pre-
sented), but the possibility that the other effects occur
must not be ruled out.

A role for phenolic compounds during somatic embryo
germination is supported by this study, since we found
that exogenous phenols promote not only somatic embryo-
genesis induction but also somatic embryo germination,
phloroglucinol being the most effective in this process.
Furthermore, we found that, in the presence of phloroglu-
cinol, the levels of total endogenous phenols attained a
peak by the time the first somatic embryos reached the
globular stage (third week of culture) and were maintained
at levels higher than those in explants cultured in the con-
trol or in the presence of caffeic acid. The positive effect of
phloroglucinol on in vitro morphogenic processes is well
known (Jones 1976, Sarkar and Naik 2000), although the
exact role of this compound in promoting somatic embryo
germination needs further evaluation.

Previous experiments carried out with feijoa showed a
strong association between developing somatic embryos
and phenolic-rich cells (Canhoto and Cruz 1996b). Fur-
ther studies performed in the same species but in another
type of embryogenic tissue also detected this relationship
(Cangahuala-Inocente et al. 2004). A similar association
was also found in other woody plants, such as Ceratonia
siliqua (Canhoto et al. 2006), Myrtus communis (Canhoto
et al. 1999b), and Tilia cordata (Kärkönen 2000). In the
present work, a separation zone was observed that pro-
gressively isolated the embryo from the mother tissue.
This formed a barrier that, due to the absence of plasmod-
esmata in its cells and the thickness of the cell walls,
probably physiologically isolates the embryo from the
mother tissue at a certain stage of development. Ultra-
structural studies revealed that cells of this zone show
signs of degeneration, possessing vacuoles filled with phe-
nolic compounds and a cytoplasm where microbodies are
common. It is possible that cells of this zone undergo a
process of programmed cell death necessary for the sepa-
ration of the embryo from the explant. Mechanisms of
programmed cell death are well documented during so-
matic embryo development of Picea abies and they may
also occur in other systems (Bozhkov et al. 2005).

This work is a first approach to understanding the role
of phenolic compounds in somatic embryogenesis induc-
tion in feijoa. The results obtained so far are promising
but we are still far from understanding how phenolic com-
pounds influence somatic embryogenesis. From these re-
sults, we can hypothesise that phenols affect somatic
embryogenesis in feijoa on at least three different levels:
somatic embryogenesis induction, somatic embryo devel-
opment and germination, and somatic embryo isolation
from the mother tissues through the formation of a separa-
tion zone of phenolic-rich cells.
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