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Abstract The presence of an attached organ to somatic
embryos of angiosperms connecting the embryo to the
supporting tissue has been a subject of controversy. This
study shows that 67% of the morphologically normal
somatic embryos of Feijoa sellowiana possess this type of
organ and that its formation was not affected by culture
media composition. Histological and ultrastructural analysis
indicated that the attached structures of somatic embryos
displayed a great morphological diversity ranging from a
few cells to massive and columnar structures. This contrast
with the simple suspensors observed in zygotic embryos
which were only formed by five cells. As well as the
suspensor of zygotic embryos, somatic embryo attached
structures undergo a process of degeneration in later stages
of embryo development. Other characteristic shared by
zygotic suspensors and somatic embryo attached structures
was the presence of thick cell walls surrounding the cells.
Elongated thin filaments were often associated with the
structures attached to somatic embryos, whereas in other
cases, tubular cells containing starch grains connected the
embryo to the supporting tissue. These characteristics
associated with the presence of plasmodesmata in the cells
of the attached structures seem to indicate a role on embryo
nutrition. However, cell proliferation in the attached
structures resulting into new somatic embryos may also
suggest a more complex relationship between the embryo
and the structures connecting it to the supporting tissue.
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Introduction

In higher plants, the emergence of a new plant is preceded
by embryo formation and development inside the ovule
(Raghavan 1997). It is in the ovule that the processes of
macrosporogenesis and megagametogenesis lead to the
formation of the embryo sac where the female cells
involved in double fertilization are present. From this
double fertilization results a nutritive tissue, the endosperm,
and the zygote, whose differentiation originates the embryo,
through the process of embryogenesis (Raghavan 2006).
Histological, genetic, and molecular studies carried out in
model species such as Arabidopsis thaliana deeply
increased our understanding of the mechanisms underlying
zygotic embryo formation and development (Ikeda and
Kamada 2005; Raghavan 2006; Park and Harada 2008;
Capron et al. 2009). In most of the angiosperms, embryo
formation proceeds through a very ordered pattern of cell
divisions in which the first zygotic asymmetric division
produces two cells with distinct fates (Heidstra 2007): an
apical cell of smaller dimensions which gives origin to the
embryo proper throughout well-characterized developmen-
tal stages (globular, heart-shaped, torpedo, cotyledonary in
the case of dicots), and a basal cell of larger dimensions and
more vacuolated, which undergoes less divisions and, in
most of the cases, originates the suspensor (Souter and
Lindsey 2000; Czapik and Izmailow 2001). In 4. thaliana,
the suspensor is a linear structure with a reduced number of
cells which reaches its full development by the globular
stage and gradually degenerates by a process of
programmed cell death (Schwartz et al. 1997; Berleth
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1998; Filonova et al. 2000; Bozhkov et al. 2005). Thus, it is
an ephemeral organ, essential mainly in the early stages of
embryo development during which it appears to play an
important role in providing nutritive substances and
hormonal factors from the mother plant or from the
suspensor itself to the embryo proper (Westhoff et al.
1998; Umehara and Kamada 2005; Raghavan 2006).
Among angiosperms, the suspensor is a variable structure
that may display morphological modifications within the
same species and even in the same plant (Czapik and
Izmailow 2001). Besides, there are species that do not form
or present a much reduced suspensor (Yeung and Meinke
1993; Raghavan 2006).

The zygote is not the only cell able to develop into an
embryo. Several examples of nonzygotic embryogenesis
have been reported in different species (Sharma and Thorpe
1995). Somatic embryogenesis is a type of nonzygotic
embryogenesis in which cells cultured in vitro are induced
to form embryos in the presence of an auxin or other
stimulus (Thorpe and Stasolla 2001; Yang and Zhang
2010). Since somatic embryos are not physically condi-
tioned by ovular tissues, they tend to display a more
variable ontogeny and morphology than their zygotic
counterparts although the characteristic phases of embryo
development could normally be seen (Lindsey and Topping
1993; Dodeman et al. 1997). One particular aspect of
somatic embryo development that has originated more
controversy is the presence, or not, of a suspensor-like
organ connecting the embryo and the mother tissue. In
gymnosperms, somatic embryos usually form well-
developed suspensor-like structures quite similar to those
formed during zygotic embryo development (Ciavatta et al.
2001; von Arnold 2008; von Arnold and Clapham 2008).
However, in angiosperms, the question is more complex
and, while some authors have sustained that a suspensor is
not present during somatic embryo development (Lindsey
and Topping 1993; Mandal and Gupta 2003), in other
situations, a structure connecting the embryo to the mother
tissue and usually referred as “suspensor-like structure” has
been reported (Rugkhla and Jones 1998; Canhoto et al.
1999; Jayasankar et al. 2003). Even when suspensor-like
organs have been reported in somatic embryos of different
species, no detailed studies were made about their frequen-
cies of formation, morphology, origin, and function on
somatic embryo development. According to some authors,
the presence of a suspensor could be related with the origin
of the somatic embryos, with embryos of unicellular origin
showing a suspensor, whereas embryos of multicellular
origin have no suspensor and present a large area of contact
with the maternal tissue (Williams and Maheswaran 1986;
Quiroz-Figueroa et al. 2006). Considering this conflicting
interpretations, we decided to study the structures connect-
ing somatic embryos to the mother tissue during somatic
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embryogenesis induction in pineapple guava (Feijoa sello-
wiana), a myrtaceous plant also known as feijoa. This
species is a subtropical plant native to South America
(Brazil, Paraguay, and Uruguay) that spread all over the
world as an ornamental tree (Canhoto and Cruz 1996a).
Their edible fruits are rich in vitamin C and iodine and New
Zealand is now the main producer and exporter of this crop.
The conditions for somatic embryo formation and devel-
opment in this species are well understood (Cruz et al.
1990; Canhoto and Cruz 1994; Reis et al. 2008) and the
histological and ultrastructural modifications occurring in
the explants during somatic embryogenesis induction have
been characterized (Canhoto and Cruz 1996b; Canhoto et
al. 1996; Cangahuala-Inocente et al. 2004; Reis et al. 2008),
making this species a good model to characterize the
structures attached to the somatic embryos. Since these
structures have not yet been characterized at the molecular
level and its role on embryo development remains largely
unknown, it was decided to refer to these structures as
“attached structures” and not as “suspensor-like structures.”
Thus, the objective of the reported work was to quantify the
frequencies of attached structures present in somatic
embryos of pineapple guava, to characterize them by
cytological, histological, and electron microscopy analysis,
and to compare these structures with the suspensor formed
during zygotic embryo development.

Material and methods
Plant material

For somatic embryogenesis induction, mature fruits were
collected from two pineapple guava trees growing at the
Botanical Garden of the University of Coimbra, Coimbra
(Portugal) during the months of September and October.
Seeds were excised and surface sterilized for 20 min in a
calcium hypochlorite solution containing two to three drops
of Tween 20. For zygotic embryo analysis, immature fruits
at different stages of development (see Fig. la) and
collected 3—4 months after pollination were used.

Zygotic embryo analysis

Zygotic embryos were carefully isolated from developing
seeds at different stages of development (see Fig. 1a) under
a dissecting microscope with the help of thin needles. The
isolated embryos were treated for a few seconds in
commercial bleach, washed in water, and then mounted in
microscope slides in a drop of water or in a drop of a
glycerol solution (40% v/v). Zygotic embryos were also
stained with acetocarmine or with the iodine-KI reagent to
increase contrast and to better observe the specimens under
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Fig. 1 Analysis of the suspen-
sor in zygotic embryos of feijoa.
a Fruits at different develop-
mental stages. b Isolated and
cleared heart-shaped embryo
showing the small suspensor
(arrow). ¢ Higher magnification
of a suspensor. Note the five
cells and their thick cell walls
(arrows). d Basal region of a
zygotic embryo showing a three-
cellular suspensor (arrows). e
SEM image of a heart-shaped
embryo from stage 3 fruits. f
Late torpedo embryo from stage
3 fruits. The arrow indicates the
suspensor. g Cotyledonary em-
bryo. h Cleared cotyledonary
embryo showing a rudimentary
suspensor (arrow in the boxed
zone). i Amplification of the
boxed zone in g analyzed by
SEM. Note the degenerating
suspensor (ds). b basal cell of
the suspensor, cc cells of the
suspensor in contact with the
embryo, ds degenerating sus-
pensor, e embryo, i intermediate
cells of the suspensor, s starch
grains
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the light microscope. Following a protocol identical to that
used with somatic embryos, zygotic embryos were also
prepared for histological and scanning electron microscopy
(SEM) analysis.

Somatic embryogenesis induction

Cotyledonary zygotic embryos were isolated intact from
seeds and inoculated in two different media which
consisted of MS (Murashige and Skoog 1962) nutrients
containing 4.5 pM 2,4-dichlorophenoxyacetic acid (2,4-D)
and 0.09 M (FS1) or 0.27 M (FS2) sucrose. The media
were jellified with agar (7 g L™") and the pH adjusted to 5.7
prior to autoclaving (121°C, 120 kPa, 20 min). The cultures
were kept at 25+1°C in the dark for 10 weeks. A more
detailed description of this methodology can be seen
elsewhere (Cruz et al. 1990; Canhoto and Cruz 1994).
After 10 weeks in the induction media, the explants were
observed under a dissecting microscope and the presence/
absence of an attached structure was evaluated. The
morphology of the embryos and their developmental stage
were also determined. Since embryos in the early stages of
development (globular/heart-shaped) were almost transpar-
ent, a treatment with 1% (w/v) osmium tetroxide in 0.1 M
phosphate buffer (pH7.0) was applied to give the embryos
a dark coloration that makes them easier to analyze under
the dissecting microscope. In other situations, they were
treated with acetocarmine or the iodine-KI reagent. For
somatic embryogenesis induction, each treatment consisted
of at least four replicates of 30 to 40 somatic explants
(zygotic embryos). For statistical analysis, all quantitative
data expressed as percentages were submitted to arcsine
transformation and the means corrected for the bias before a
new conversion of the means and standard error (SE) back
into percentages (Zar 1996). Statistical analysis (Statistica
7.0) was performed by analysis of variance and the
significantly different means were identified by using the
Tukey test (p=0.05).

Histological and ultrastructural studies

For histological studies, isolated somatic or zygotic
embryos at different developmental stages or embryogenic
explants cultured for 10 weeks in the induction media were
fixed for 1-1.5 h at room temperature in a 2.5% (v/v)
glutaraldehyde solution prepared with 0.1 M phosphate
buffer, pH7.0, and postfixed in 1% (w/v) osmium tetroxide
prepared with the same buffer. The samples were further
dehydrated in an ascending ethanol series (20%, 40%, 60%,
80%, 95%, and 100% v/v) and embedded in Spurr’s resin
(Spurr 1967). Polymerization of the resin blocks, with the
samples properly orientated, was made at 60°C overnight.
Sections (1-3 um) were cut with glass knives on a
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ultramicrotome (LKB Ultratome III 8801A) and stained
with 0.2% (w/v) toluidine blue for 1 h at room temperature.
Microscope slides were then washed in running water and
observed in a Nikon Eclipse E400 microscope equipped
with a Nikon digital camera (model Sight DS-U1) using the
Act-2U software.

Material for SEM and transmission electron microscopy
observations was fixed as described for the histological
studies. Ultrathin sections (50-60 nm) were cut with a
diamond knife on a LKB ultramicrotome and collected on
uncoated copper grids. Contrast of the grids was carried out
with uranyl acetate (10 min) and lead citrate (5-10 min)
and the observations were conducted on a transmission
electron microscope (Siemens Elmiskop-101) at 80 kV. For
SEM studies, the samples were critical point dried in a
Balzers CPD 020 apparatus using carbon dioxide as the
transition fluid (3 x 10 min, 40°C, 80 atm) and coated with
gold. The specimens were mounted in aluminum stubs and
examined in a JEOL JSM-T330 scanning electron micro-
scope operating at 20 kV. For more details, see Canhoto et
al. (1996).

Results
Suspensor of zygotic embryos

Zygotic embryogenesis in feijoa is an asynchronous
process. The more developed suspensors were observed
at the transition between the globular and heart-shaped
phase (Fig. 1b). At this stage, the suspensor was formed
by five cells (Fig. lc): two cells in contact with the
embryo, two intermediate cells, and a large basal cell. All
of them were surrounded by a translucent sheath of
gelatinous material. The possibility that the number of
suspensor cells could be higher must not be ruled out since
other cells may be in a different plan. At earlier stages,
embryos showing suspensors with only three cells
(Fig. 1d) were seen, indicating that the cells closer to the
embryo undergo a further anticlinal division giving origin
to the five cells observed in later stages (Fig. 1c). Due to
their small dimensions and translucent aspect, globular
embryos were hard to find among the liquid endosperm.
Even when these embryos were isolated with success, we
were unable to visualize the correspondent suspensor in
most of the embryos. Analysis of developing seeds showed
that, for fruits of the same age and at the same developmental
stage, embryos were at different developmental stages. For
example, in stage 3 fruits (Fig. 1a), seeds containing heart-
shaped (Fig. le) or torpedo (Fig. 1f) embryos were observed.
Moreover, fruits of different lengths have embryos at the
same developmental stage. In more advanced stages of
embryo development (Fig. 1g, h), the suspensor appears as
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an unorganized structure as a result of its degeneration
(Fig. 11).

Somatic embryogenesis induction and analysis
of the attached structures

Somatic embryo formation (Fig. 2a) was achieved in both
culture media and the rates of embryos formed per cultured
explant did not differ significantly: 8.9+2.1 embryos on the
FS1 medium and 9.8+5.4 in the FS2 medium. The number
of embryos per induced explant considerably varied,
ranging from only a few to more than 100. Somatic embryo
formation was highly asynchronous with embryos at the
different stages of development being observed in the same
explant. By the end of the culture period (10 weeks), the
explants showed somatic embryos in all phases of devel-
opment: globular, heart-shaped, torpedo, and cotyledonary.
The morphology of the embryos was also highly variable
(Fig. 2b) and embryos morphologically normal and
abnormal occurred in the same explant. However, explants
cultured in the presence of higher amounts of sucrose (FS2
medium) often showed fused embryo axis and appeared in
clusters, whereas somatic embryos formed on the FS1
medium usually appeared scattered on the mother tissue
and were easily detachable. The number of normal embryos
(Fig. 2¢), which were morphologically identical to their
zygotic counterparts, was identical in both media (Table 1).
The anomalous somatic embryos were divided into two
groups according to their morphological appearance. One
group consisted of white embryos displaying some kind of
morphological abnormality such as more than two cotyle-
dons, fused embryos, cup-shaped cotyledons, only one
cotyledon, or enlarged embryos (Fig. 2d). The other group
was characterized by somatic embryos that germinated
precociously, showed poorly differentiated cotyledons,
usually without hypocotyls, and had very elongated roots
where root caps and hairy roots were normally present
(Fig. 2e—g). The results showed that high sucrose concen-
trations (FS2 medium) significantly decreased (p<0.05) the
number of precociously germinated embryos which, in the
FS2 medium, were residual. In fact, from a total of 2,256
embryos analyzed, <60 showed this phenotype (Table 1).
The presence of a structure connecting the embryo to the
mother tissue was analyzed in normal and white abnormal
somatic embryos. The results indicated that 67% (FS2
medium) of the normal embryos showed such attached
structure (Fig. 2h, 1) with no statistical differences (p>0.05)
found between the two media used. By contrast, the
attached structure was only found in 5% (FS1) or less
(FS2) of the morphologically abnormal white somatic
embryos. Embryos without an attached structure (Fig. 2j,
k) were mainly formed in a quite direct way practically
without the appearance of a pronounced callus (Fig. 2k).

Morphology of the attached structures

The morphology of the somatic embryo attached structures,
like that of the somatic embryos, was quite variable.
Usually, the attached structure was a prominent columnar
mass of cells easily distinguishable from the embryo proper
and the maternal tissues (Fig. 3a, b). At the globular
(Fig. 3b) and heart-shaped (Fig. 3c) phases, the structures
connecting the somatic embryos to the mother tissues
reached their maximum development. Cytological studies
seem to indicate that the attached structure and the embryo
proper may have its origin from an asymmetric division
resulting in a smaller apical and a larger vacuolated cell
(Fig. 3d). Further divisions on these putative bicellular
proembryos gave origin to the embryo proper consisting of
dense cytoplasm-rich cells and the attached structures
showing less stainable and vacuolated cells (Fig. 3e, f). In
some of the somatic embryos, the attached structure was
constituted by a reduced number of cells (Fig. 3g), showing
some analogy with the suspensor found in zygotic embryos
(see Fig. 1c). When the presence of the attached structure
was analyzed in embryos at different developmental stages,
it was found that the percentage of cotyledonary embryos
showing such entity was significantly lower (p<0.05) than
in the other stages independently of the culture media used
(Table 2). In some embryos, the attached structure is a mass
of large disorganized cells where thin elongated filaments
were often present (Fig. 3h—j). These elongated filaments
displayed an irregular surface and their exact origin could
not be determined. Tubular cells extending outward from
the root pole of the embryos (Fig. 3k) or from the attached
structures (Fig. 31) and growing through the surrounding
tissues were common. Cytological analysis of these
structures showed that they represent extremely elongated
cells containing starch grains and possessing large vacuoles
(Fig. 3m). Occasionally, it was also observed that some of
the attached structures proliferated in an anomalous way
and gave origin to a secondary structure resembling a
somatic embryo (Fig. 3n). An attached structure was also
observed in later stages of somatic embryo development
(Fig. 30), although at these stages, it was in general a more
reduced organ, as a consequence of its senescence

Histological and ultrastructural studies

Longitudinal sections of the globular to heart-shaped
somatic embryos clearly showed the attached structures
connecting the embryo proper and the mother tissue
(Fig. 4a). These embryos displayed a slightly apical-basal
polarity presenting cytoplasm-rich cells in the apical region
and more vacuolated cells in the basal region, attached
structure included as observed in earlier stages (see Fig. 3e,
f). Cells of the apical region where more or less
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Fig. 2 Somatic embryo mor- . .
phology in embryogenic cul- _ - - ) ce 5 mm
tures of F. sellowiana. a Explant . - 1 ; ;
with several somatic embryos
after 10 weeks of culture. b
Detail of an embryogenic ex-
plant with somatic embryos
showing a great diversity in
morphology. ¢ Morphologically
normal somatic embryo with
two identical cotyledons
(arrow). d Anomalous white
somatic embryos. e-g Aspects
of precociously germinated
somatic embryos. Note the in-
cipient cotyledons, the elongated
roots, and the absence of hypo-
cotyls in most of the embryos.
The arrows in g indicate the root
hairs. h Heart-shaped somatic
embryo possessing a small at-
tached structure (arrow). i
Somatic embryo connected to
the callus through an attached
structure (arrow). j Isolated
heart-shaped somatic embryo
with no attached structure. k
SEM image of two somatic
embryos without attached struc-
ture. The arrows indicate the
zone of connection to the moth-
er tissue. ¢ cotyledon, ca callus,
e embryo, /& hypocotyls, r root
hairs, rc root cap

150 pm
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Table 1 Quality of the somatic embryos formed on the two culture media used

Culture Number of embryos Morphologically normal embryos*  Anomalous embryos Precociously germinated embryos
medium analyzed (%) (%) (%)

FS1 2,360 56.0+8.4a 31.7£7.7a 12.9+5.9a

FS2 2,256 61.3+8.4a 36.1+£7.9a 2.6+1.0b

Values in percentage are the mean with SE of at least four replicates. In the same column, values followed by the same letter are not significantly

different (Tukey test, p<0.05)

isodiametric, showing a large nucleus and a prominent
nucleolus (Fig. 4b). These cells were characterized by the
presence of numerous mitochondria and plastids, profiles of
rough endoplasmic reticulum and small vacuoles. Starch
grains were occasionally found in the plastids and the cells
were connected by plasmodesmata. At the cut end of the
attached structure, phenolic-rich cells were often observed
(Fig. 4c), whereas cells of the basal region of the embryo
(Fig. 4d) presented larger vacuoles than those of the apical
region. Electron-dense compounds, probably of phenolic
origin, accumulated in the vacuoles of these cells (Fig. 4d).
Mitochondria and elongated plastids, normally possessing a
few starch grains, were characteristic of these cells. In the
transition zone between the embryo and the attached
structure (see Fig. 4a), cell walls were often associated
with translucent zones. Furthermore, in some of these cells,
well-defined plasmodesmata were observed (Fig. 4e). The
presence of numerous vacuoles, empty vesicles, and
mitochondria and plastids showing signals of degeneration
were other particularities of these cells. In more advanced
stages of embryo development (heart-shaped embryos), the
cells of the attached structure were practically reduced to
the cell wall and to small deposits of electron-dense
materials (Fig. 4f). At this stage, most of the cells were
empty and no particular organelles could be found. The
only exception were some cells located in the middle region
of the attached structure in which a cytoplasm in degener-
ation was still visible and droplets of electron-dense
unknown material were spread in the vacuolated cytoplasm
(Fig. 4g). A particular feature of these degenerated cells, in
particular those situated at the periphery and at the basal cut
end, was the presence of a thick cell wall that isolated the
embryo from the mother tissue (Fig. 4h). Torpedo and
cotyledonary embryos showed only residual attached
structures formed by degenerated cells.

Discussion

The formation of a suspensor by somatic embryos of
angiosperms has been questioned by several authors (Ho
and Vasil 1983; Emons 1994; Arruda et al. 2000; Ciavatta
et al. 2001) probably due to the lack of detailed studies

concerning this embryonic organ. By contrast, in gymno-
sperms, in particular among conifers, the presence of a
suspensor during somatic embryo development is well
characterized (von Arnold et al. 2002; Stasolla and Yeung
2003; von Arnold 2008) and has been used as a model
system to understand the complex interactions occurring
between the embryo proper and the suspensor (Ciavatta et
al. 2001; Umehara and Kamada 2005).

With a few exceptions, the suspensor is usually present
during the initial stages of zygotic embryo development of
angiosperms (Yeung and Meinke 1993; Souter and Lindsey
2000) and its crucial role on embryo nutrition and on
influencing embryo development is now recognized
(Schwartz et al. 1994; Zhang and Somerville 1997;
Raghavan 2006). However and in spite of an extensive
literature published about somatic and pollen embryogen-
esis, it is surprising that only a reduced number of reports
focused on the analysis of the suspensor in somatic or
pollen embryos (Jayasankar et al. 2003; Chanana et al.
2005). It seems likely that the small dimensions of the
suspensor, the fact that somatic embryos are usually
surrounded by non-embryogenic cells, and the belief that,
during somatic embryogenesis, the embryo is nurtured by
callus cells or by the mother tissue (Yeung 1995) may
explain the reduced interest on the study of somatic embryo
attached structures.

The present results clearly demonstrate that feijoa
somatic embryos have an attached structure resembling a
suspensor connecting them to the mother tissue and that the
culture media do not affect the rate of embryos displaying
such structure. However, the number of precociously
germinated somatic embryos was significantly higher on
the low sucrose-containing medium (FS1). The role of high
sucrose levels on preventing precocious germination was
also referred by other authors (Levi and Sink 1990). In Vitis
vinifera, it was suggested that precocious germination was
related with the presence of a persistent suspensor in
somatic embryos (Jayasankar et al. 2003). This does not
seem to be the case in feijoa since the rate of attached
structure formation was not significantly different in the
two used media, although, as stated above, more somatic
embryos germinated precociously on the medium with
lower levels of sucrose (FS1).
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Fig. 3 Morphology of the so-
matic embryo attached struc-
tures. a Two somatic embryos
(stained with iodine-KI) at the
globular stage. The attached
structure of one of the embryos
is seen (arrow). b SEM image of
a globular embryo and its co-
lumnar attached structure. ¢
Heart-shaped embryo with a
massive attached structure. d
Putative bicellular proembryo
showing a small apical cell (a)
and a larger basal cell (b). e
Multicellular embryo showing
the embryo proper zone (e) and
the cells of the attached structure
(a?). f Early globular embryo (e)
and the attached structure (af)
surrounded by the cotyledonary
mother tissue (mf). g Detail of a
heart-shaped attached structure
formed by a reduced number of
cells. h Torpedo embryo show-
ing a disorganized attached
structure. i Higher magnification
of the encircled zone in h. Note
the thin elongated filaments
(arrows) associated with the
cells of the attached structure. j
Detail of a thin elongated fila-
ment. k Somatic embryo show-
ing tubular cells (arrows).

1 Higher magnification of the
embryo showed in k. The arrow
signals one of the tubular cells.
m Apical zone of a tubular cell
showing several starch grains. n
Globular somatic embryo in
which the attached structure
proliferated into a secondary
embryo. o Cotyledonary embryo
showing a residual small at-
tached structure (arrow). a api-
cal cell, at attached structure, b
basal cell, ca callus, e embryo, s
starch grains, v vacuole

0.5 mm

The formation of attached structures in somatic embryos  Dactylis glomerata (Trigiano et al. 1989), Myrtus commu-
of angiosperms has been reported in species such as Acacia  nis (Canhoto et al. 1999), and V. vinifera (Jayasankar et al.
mangium (Xie and Hong 2001), Carica papaya (Fernando ~ 2003) among many others. In most of these studies, the
et al. 2001), Ceratonia siligua (Canhoto et al. 2006), structures were not analyzed in detail and only slight
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Table 2 Relationship between the presence of a somatic embryo attached structure and the developmental stage of the somatic embryos

Stage of development

Number of embryos analyzed

Embryos with an attached structure (%)

Globular 698
Heart-shaped 692
Torpedo 606
Cotyledonary 586

71.1£5.6a

76.3£6.1a
52.3+12.9b

29.8+7.8¢c

Values in percentage are the mean (+SE) of at least four replicates. Numbers followed by the same letter are not significantly different (Tukey test,

p<0.05)

allusions to their presence or to the rate at which they were
formed have been made.

Our data also showed that, besides the embryos that
form an attached structure, there are a considerable number
(reaching about 40% in the FS1 medium and 33% in the
FS2 medium) of the morphologically normal somatic
embryos that did not show this organ. As pointed out by
Williams and Maheswaran (1986), the formation, or not, of
a suspensor-like structure may be the result of different
somatic embryo origins. Those of unicellular origin usually
form a suspensor, whereas embryos arising from a group of
cells are connected to the mother tissue by a broad region
and do not display such structure. Observations made in
Santalum album and Santalum spicatum support this
hypothesis (Rugkhla and Jones 1998). In previous reports
about the ontogeny of feijoa somatic embryos, it was also
found that embryos can have a unicellular or multicellular
origin (Canhoto and Cruz 1996b; Canhoto et al. 1996).
However, in this species, more detailed studies are
necessary to relate the presence/absence of an attached
structure with a unicellular/multicellular origin of the
embryos.

Analysis of the attached structures found in feijoa
somatic embryos showed a high degree of variability,
ranging from those formed by a group of just a few cells
to those organized in massive or columnar structures. By
contrast, the suspensors observed in zygotic embryos
appeared to be very simple, being formed by a maximum
of five cells. Rudimentary suspensors have been observed
in other members of the Myrtaceae family such as
Campomanesia pubescens (Strassburg 2004), Darwinia
micropetala and Darwinia fascicularis (Prakash 1969),
and Eugenia hookeri (Johnson 1936). Another difference
between zygotic suspensors and the attached structures
found in somatic embryos was their persistence. Thus, it
was found that about 30% of the somatic embryos at the
cotyledonary stage still showed an attached structure. This
may reflect an alteration occurring in vitro in the mecha-
nisms of programmed cell death involved in suspensor
senescence during zygotic embryogenesis (Filonova et al.
2000; Raghavan 2006).

The variability of the morphology of attached structures
found in feijoa has been also referred in somatic embryos of
other species. For example, in V. vinifera, two types of
structures were observed, depending if the embryos formed
in a solid or in a liquid medium (Jayasankar et al. 2003).
The diversity detected in somatic embryo attached struc-
tures should not be unexpected since for some species,
feijoa included, somatic embryos also display a wide degree
of morphological variation (Williams and Maheswaran
1986; Gray 1995). The differences found between zygotic
suspensors and somatic embryo attached structures of feijoa
may be the result of cell proliferation occurring in vitro in
the presence of the auxin 2,4-D. The origin of the suspensor
is another factor that can influences its morphology. During
zygotic embryogenesis, the suspensor is usually formed
from the basal cell after the first asymmetric division of the
zygote following a predictable pattern of cell divisions
(Souter and Lindsey 2000; Capron et al. 2009). This regular
pattern of development does not necessarily occur during
somatic embryo formation (Williams and Maheswaran
1986; Canhoto and Cruz 1996b; Canhoto et al. 1996;
Krikorian 2000) and the attached structures may be the
result of cell proliferation in the supporting tissue as
pointed out in S. album and S. spicatum by Rugkhla and
Jones (1998). This does not seem to be the case in feijoa
since the cytological analysis showed that the embryo and
the attached structure seem to have its origin in the same
cell that by an asymmetric division produces an apical and
a basal cell involved on embryo and attached structure
formation, respectively.

A striking feature of some of the embryos observed in
this work was the presence of thin elongated filaments and
tubular cells. These formations have been found during
zygotic embryogenesis of some species (see Yeung and
Meinke 1993; Raghavan 2006) where they seem to be
involved in the nutrition of the embryo. A similar role may
be assigned to these formations during somatic embryo-
genesis, but further experiments are necessary to clarify its
origin and function. The presence of well-defined plasmo-
desmata in the transition zone between the attached
structure and the embryo also supports this perspective.
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Fig. 4 Histological and ultra-
structural analysis of the at-
tached structures. a Longitudinal
section through a somatic em-
bryo showing the attached
structure (arrow). A well-
defined protoderm can also be
observed. b Cell of the apical
part of the embryo showing a
large nucleus and a conspicuous
nucleolus. ¢ Basal part of an
attached structure where
phenolic-rich cells are visible
(asterisks). d Section of a basal
cell of an embryo showing a
large vacuole where phenolic
compounds were present. Sev-
eral mitochondria and a plastid
can be seen. e Section through
the transition zone between the
embryo and the attached struc-
ture (boxed zone in a). A thick
cell wall associated with trans-
lucent zones (arrowheads) and
large plasmodesmata (arrows)
can be observed in some of the
cells. Empty vacuoles and mito-
chondria and plastids in degen-
eration were common features. f
Section through an attached
structure of a heart-shaped em-
bryo. Most of the cells were
empty, whereas others showed
signals of degeneration. Thick
cell walls can be observed at the
periphery of the attached struc-
ture and in some cells of the
central zone (arrows). g Detail
of an attached structure cell of a
heart-shaped embryo showing
the accumulation of osmiophilic
droplets (arrows) of unknown
composition and origin. Nuclei
in degeneration can also be seen.
h Detail of the thick cell walls
present in cells of an attached
structure. ca callus, cw cell wall,
m mitochondria, n nucleus, nu
nucleolus, p plastid, ph phenolic
compounds, pr protoderm,

v vacuole
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Suspensor cells of zygotic embryos usually possess cell
wall ingrowths, a characteristic of transfer cells, and a
particular type of plastids containing spherical bodies
(Yeung and Meinke 1993; Raghavan 1997; Raghavan
2006). None of these characteristics were observed in our
study. According to Yeung and Meinke (1993), lack of
these specialized structures is incompatible with a role on
embryo nutrition. Cells of the attached structure in somatic
embryos of feijoa were highly vacuolated even in the earlier
stages of embryo differentiation, contrasting with the
cytoplasm-rich cells of the embryo proper. In V. vinifera,
the cytoplasm of the attached structure cells was variable,
with some structures showing cells with dense cytoplasm,
whereas in others, the cells were highly vacuolated
(Jayasankar et al. 2003). These authors suggested that
embryos possessing attached structures with vacuolated
cells were unable to develop a normal shoot apical
meristem and, as a consequence, to form a complete plant.
It is possible that premature vacuolation in attached
structures of feijoa could be also related with poor
development into plantlets. However, it seems likely that
this is rather due to deficiencies in storage compound
(lipids and proteins) accumulation in the developing
embryo than to shoot apical meristem malformation. The
low rates of somatic embryo conversion obtained in feijoa
(Canhoto and Cruz 1994) together with precocious vacuo-
lation and abortion of the embryos (Canhoto and Cruz
1996b; Canhoto et al. 1996) may sustain this hypothesis.
Thick cell walls mainly found in the cells in contact with
the supporting tissue and at the periphery of the attached
structure were common and may contribute to embryo
isolation. The lack of plasmodesmata in these cell walls
tends to support this assumption. The presence of phenolic
compounds in the basal cells of the attached structure was
also commonly detected. The role of phenolic compounds
on somatic embryo formation and development in feijoa
was recently evaluated (Reis et al. 2008).

This work is a first attempt to analyze the attached
structures observed in somatic embryos of feijoa. If these
structures present on feijoa (or any other species) somatic
embryos have any role during embryo development needs
further investigation. However, the fact that in anomalous
white somatic embryos these structures are often absent can
be more than a coincidence. It is possible that the absence
of this structure during the early stages of development may
lead to deficiencies in embryo nutrition that can be related
to the morphological abnormalities and further embryo
conversion into plantlets. The reduced rates of plant
conversion in somatic embryos of feijoa (Canhoto and
Cruz 1994) and the low levels of protein and lipid storage
observed in some somatic embryos (Canhoto et al. 2009)
seem to support this hypothesis in spite of other factors that
can also interfere with normal somatic embryo develop-

ment. The exact role of the attached structures during
somatic embryo induction and development in angiosperms
is far from being understood. Is it a passive structure
without a specific role or is it involved on somatic embryo
nutrition? Does it have a role in influencing the develop-
ment of the embryo itself through more complex inter-
actions as has been demonstrated in zygotic embryos of A.
thaliana (Schwartz et al. 1994; Vernon and Meinke 1994,
Haecker et al. 2004; Lukowitz et al. 2004; Raghavan
2006)? The observation that some attached structures of
feijoa somatic embryos are able to proliferate in vitro into
secondary embryo-like structures seems to indicate that a
dual role (nutrition and control of embryo development) for
attached structures of somatic embryos is likely to occur.
Recently, Supena et al. (2008) developed a system for high
yield production of microspore-derived embryos in Brassi-
ca napus showing long suspensor-like filaments by manip-
ulating the culture conditions. Moreover, they have shown
that in microspore-derived embryos possessing no or
rudimentary suspensor-like structures development was
strongly delayed. This seems to indicate a pivotal role for
the suspensor also during pollen embryogenesis. Once
established that a structure similar to the zygotic suspensor
also occurs during somatic embryogenesis of feijoa, it will
be now necessary to understand how the embryo and the
attached structure influence each other in an artificial
environment that is considerably different from the con-
ditions occurring inside the ovule.
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