Sugar apple (Annona squamosa L., Annonaceae) seed
germination: morphological and anatomical changes
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ABSTRACT

The anon or sugar apple is a species of the Annona genus, widely
distributed in the world and in Colombia and a fruit with great
potential in domestic and international markets. However, the
technical information related to the aspects of propagation and
production is limited. In the present study, the morphological
and anatomical changes during seed germination of the sugar
apple were determined using histological techniques and pho-
tographic records. The results show that seed germination is
a process that takes place in two stages: testa rupture and en-
dosperm rupture-radicle protrusion. In the post-germination
stages, the induction and formation of lateral roots that were en-
dogenously produced from the primary root from the pericycle
were seen. The endosperm underwent morphological changes
that increased its volume during imbibition and degraded in
the final stages of germination, which could be indicative of
endosperm weakening and reduction of mechanical strength
imposed by embryo growth, which was required to complete
germination in A. squamosa.
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El andn, es la especie del género Annona mas ampliamente
distribuida en el mundo y en Colombia es un fruto con gran
potencial en mercados nacionales e internacionales. Sin
embargo la informacién técnica relacionada con aspectos de
propagacion y produccion es limitada. En el presente estudio
mediante técnicas histoldgicas y registros fotograficos fueron
determinados los cambios morfoldgicos y anatémicos durante
la germinacion y de semillas de anon. Los resultados muestran
que la germinacién de las semillas es un proceso que se desar-
rolla en dos etapas consecutivas: la ruptura de la testa y la
ruptura del endospermo - protrusién radicular. En las etapas
de post-germinacion se presenta la formacion e induccion de
raices laterales producidas de forma enddgena desde la raiz
primaria a partir del periciclo. El endospermo sufre evidentes
cambios morfoldgicos, incrementando su volumen en la etapa
de imbibicion y degradandose en etapas finales del proceso de
germinacion, lo que podria ser indicativo del debilitamiento
del endospermo, y disminucion de la resistencia mecénica im-
puesta por este al crecimiento de embrion, la cual es necesaria
para que la germinacion se complete en A. squamosa.
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Introduction

The Anon or sugar apple Annona squamosa L. is a species of
the Annona genus which is widely distributed in the world.
In Colombia, it is found in the dry areas of the valleys in
the provinces of Valle, Caldas, Tolima, Cundinamarca, and
Santander (Guerrero and Fischer, 2007). The sugar apple
grows from sea level to 1,000 m and may not support cold
periods, developing and growing well in relatively stable
temperature conditions (George and Nissen, 1987). The
minimum temperature is in a range of 10 to 20°C and the
maximum temperature has a range of 22 to 28°C (Guerrero
and Fischer, 2007).

The seeds of Annonaceae are albuminous ellipsoids and
their length varies between 5 and 30 mm. They have a
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ruminate endosperm (Corner, 1976; Garwood, 1995; Judd
etal., 1999). The embryo is small, straight, with moderately
developed embryonic axis, rudimentary plumule and flat
and thin cotyledons; and develops after the seed is formed
(Corner, 1976; Garwood, 1995, Judd et al., 1999). Setten
and Koek-Noorman (1992) indicated that Annonaceae
seeds undergoing dispersal have a small embryo that is
considered underdeveloped and immature; immaturity
requires time to complete embryo growth after seed dis-
persion. Meanwhile, Hayat (1963) reported that the seeds
of A. squamosa have a small embryo with two foliaceous,
thin cotyledons that take one to three months to germinate.

Germination could be defined as the emergence and de-
velopment from the embryo of all the essential structures
that are indicative of the ability of the seed to produce
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a normal seedling under favorable conditions (AOSA,
2000). According to Bewley (1997) and Finch-Savage and
Leubner-Metzger (2006), the germination of seeds is a
complex physiological process caused by water imbibition
after possible mechanisms of latency have been overcome.
Under favorable conditions, the rapid growth of the embryo
breaks the seed coat layers and presents the protrusion of
the radicle. This emergence of the radicle is regarded as
completion of germination.

This transition point (radicle protrusion) is also charac-
terized by a loss of desiccation tolerance and a molecular
checkpoint (in Arabidopsis this is regulated by ABI5), while
a molecular switch generates the transition development
program from germination to the seedling development
program (Bewley and Black, 1994).

At the completion of germination, radicle protrusion de-
pends on embryo growth, a process led by water uptake.
This water uptake is a triphasic process with a rapid initial
uptake (imbibition phase I) followed by a stabilization
phase (phase IT) and a late phase III, which has an increase
in water uptake and that occurs only when germination is
completed, once the embryo has elongated the axis and
traversed the coat structures (Schopfer and Plachy, 1984;
Bewley, 1997; Manz et al., 2005). The necessary cell elonga-
tion has been generally accepted as sufficient to generate
the protrusion of the radicle, while cell division in many
species is considered nonessential.

In these phases, cellular metabolism is increased and the
embryo resumes active growth, forcing the breaking of
the seed coat to allow radicle emergence (Bewley, 1997). In
early stages of germination, the imbibition process occurs
in which the seed coat weakens, hydrating the protoplasm,
which swells the seed to the point of testa rupture (Crowe
et al., 1998).

Besides this physical process, the enzyme and protein
synthesis system is activated by the seed water absorp-
tion, which allows the formation of substances necessary
for development. During the second phase, water absorp-
tion and respiration are ongoing processes (Bewley and
Black, 1994); simultaneously, starch, lipids, and proteins
in the endosperm are hydrolyzed to sugars, fatty acids
and amino acids, simple compounds that are soluble and
mobile. Subsequently, these substances are mobilized to
the growing points of the embryonic axis and are used in
growth processes, which allow the growth of the radicle of
the embryo (Sierra, 2005).

For many species, including Arabidopsis sp., Nicotiana sp.,
Lepidium sativum, and Petunia hybrida, germination is a
process that occurs in two stages: the first stage correspond-
ing to testa rupture and the second one corresponding to
endosperm rupture, two sequential events separated in
time during germination (Petruzzelli et al., 2003, Leubner-
Metzger, 2003; Liu et al., 2005). In endospermic seeds, both
the testa and the endosperm may contribute to physical
dormancy (Hilhorst, 1995; Bewley, 1997; Leubner-Metzger,
2003). The endosperm may be considered as the main ob-
stacle to the germination of seeds of Asteraceae (lettuce),
Solanaceae (tomato and tobacco) and Rubiaceae (coffee). In
these cases, a weakened micropylar endosperm is required
for radicle protrusion and is associated with cell wall hydro-
lysis by hydrolytic enzymes (Hilhorst, 1995; Bewley, 1997,
Koornneef et al., 2002; Leubner-Metzger, 2003).

This study aimed to identify the stages of germination
of A. squamosa seeds and describe some changes in seed
anatomy and morphology during germination. The knowl-
edge of morphological changes in A. squamosa seeds during
germination could further contribute to the understand-
ing of physiological and biochemical events during seed
germination and plantlet establishment in this species.

Materials and methods

Plant material

The selected material was part of the accessions collec-
ted for project development in the Colombian Bank of
Anon Germplasm, framed within the program: Planting
Material and Breeding of the sugar apple. The accessions
selected were collected in 2011 in the municipality of
Apulo, Cundinamarca; plant individuals were distributed
in agroecosystems and not in the field or spontaneously
in gardens. The seeds of A. squamosa were obtained from
fruits of recollected accessions C2AS224 (C: Cundinamar-
ca; 2: municipality code, AS: species A. squamosa; 224:
number of row), C2AS226, and C2AS225. From fruits,
ripe and soft to the touch, that were washed with room
temperature water to remove any residue present on the
surface, the exocarp was separated from the mesocarp
(pulp). Subsequently, the seeds were removed manually
from the pulp and aryl, after which these were washed
with water and placed on absorbent paper towels at room
temperature in order to dry to moisture contents of 10%.
The seeds were disinfected with 1% sodium hypochlorite
for 9 min and afterwards washed with 96% ethanol and
washed three times with distilled water.
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Morphological analysis and preparation of the material

For the morphological analysis, the following treatments
were used: 1) untreated, ripe anon seeds before germination
with 10% moisture content, 2) seeds imbibed in distilled
water for 72 h, 3) germinating seeds with seed coat rupture,
4) seeds with ruptured endosperm and radicle protrusion,
and 5) seeds with a radicle length > 3 mm (lateral root
initiation). Seed germination was performed on peat
substrate trays (Klassmann® without nutrients, Geeste,
Germany,) with seeds located at a depth equal to twice the
length and that were subsequently placed in a Phytotron
chamber, Conviron® CMP3244, for 30 d at 35°C, in the
absence of light as seeds of A. squamosa are indifferent to
light conditions for germination (Ferreira et al., 1997). The
observations of the morphological changes in the seeds
were performed using a Leica® stereoscope zoom 2000
(Solms, Germany), using 30 ungerminated seeds, imbibed
seeds, seeds with ruptured seed coat, seeds with ruptured
testa and endosperm, and seeds with radicle protrusion. A
photographic record of the seeds was made for each state.

Anatomical analysis

Untreated, whole A. squamosa seeds with 10% moisture
and fragments of imbibed radicles with lateral roots were
immersed in Bouin’s fixative (Bouin, 1897) for 48 h at room
temperature to stop the deterioration of the tissues. The
cassettes with the fragments were removed from the fixing
solution and were passed through a concentration gradient
of ethanol of 65, 70, 75, 80, 85, 90, 96 and 96%, each for a
period of 24 h. Subsequently, the tissues were immersed for
24 hin absolute alcohol and after that, they were imbibed in
tert-butanol for 24 h. The sections were imbibed for 24 h at
60°Cin 4 graded concentrations of molten paraffin at 56°C
and tert-butanol, increasing the concentration of paraffin
and decreasing the concentration of tert-butanol, thus pro-
viding: a) 25% paraftin — 75% tert-butanol, b) 50% paraffin
- 50% tert-butanol, ¢) 75% paraffin - 25% tert-butanol, and
d) 100% paraffin. The blocks were prepared and, prior to
the final cutting, were immersed in a solution of 50% hy-
drochloric acid for 2 h. Afterwards, they were washed with
water and placed on ice in order to increase the strength of
the paraffin. The cuts were made in a microtome 7 um. with
a brush; the sections were placed in a water bath at 50°C.
The sections were captured using a carrier sheet that was
previously treated with Mayer albumin. Subsequently, the
sections were dewaxed by placing them in an oven at 60°C
for 24 h. And then to completely remove the paraffin from
the sheets, they were passed through xylol for 10 min two
times and then two times for 10 min in 96% ethanol. The
staining was carried out over 24 h with safranin and fast
green. Once the dyeing process was performed, the sheets
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were cleaned and historesine was applied over the cuts with
a foil sealing coverglass. The documentation and obser-
vations were made with an Olympus® CX31 microscope
(Tokyo, Japan) and the image editing software Image-Pro
Plus® (Rockville, MD).

Results and discussion

The germination of mature seeds of A. squamosa is a
process that occurred in two separate and consecutive
stages: the rupture of the testa and, later, the rupture of the
endosperm (Figs. 1A, 1B, and 1D). The mature, dry seeds
had a slightly developed embryo but distinct tissues, where
the micropylar plug, the embryo and the endosperm were
easily distinguishable. Likewise, a rupture region of the
seed coat that constitutes the perichalaza region may be
observed (Figs. 2A and 3A).

During imbibition, the seeds expanded and there were
changes in size (Fig. 1H). The germination process started
with rapid water absorption (phase I, imbibition), which
occurred during the first 17.6 h of the 72 h imbibition,
where, in comparison with the dry seeds (Fig. 1A), the seeds
had an expanded embryo (Fig. 2B), then the first stage of
germination of the seed coat rupture presented (Fig. 1B), a
pregerminative event that happened without any treatment
between 10 and 15 d of incubation. This rupture in the seed
coat was due to the increase in the volume of the endosperm
and embryo size (Fig. 2C). The testa rupture started at the
micropylar plug, consisting of a thin, endotestal tissue and
a well-defined region of fracture (Figs. 2A and B). Then,
between 15 and 20 d of incubation, the second stage of
germination with protrusion and endosperm rupture pre-
sented, demonstrating how residues were expelled through
the micropylar plug (Figs. 1C and 4A), and, consequently,
the protrusion of the radicle occurred (Figs. 1D and 4B)
which strictly might be called germination. The phase of
water absorption continued during the transition towards
plumule and radicle growth (even within the seed) that
presented in the lateral root formation (phase III of water
uptake) (Figs. 1F, 1G, and 3C).

Reports of germination in two steps, as described for A.
squamosa, were found for Arabidopsis sp. (Liu et al., 2005),
Lepidium sp. (Muller et al., 2006), and tobacco (Liu et al.,
2005; Manz et al., 2005; Muller et al., 2006). This condition
of germination has also been described in Trollius sp. (Ra-
nunculaceae; Hepher and Roberts, 1985), Chenopodium sp.
(Amaranthaceae; Karssen, 1968; Karssen, 1976), Nicotiana
sp. and Petunia sp. (Cestroideae subfamily of Solanaceae,
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FIGURE 1. Two stage germination of A. squamosa seeds, (AF) events visible during germination after 30 d of incubation at 35°C and 60% RH in
wet peat, (B and C) first stage of germination: rupture of the seed coat, (D and E) second stage of the germination: endosperm rupture and radicle
elongation, (A) imbibed intact seed prior to rupture of the seed coat, (B) seed with seed coat rupture, (C) seed with endosperm protrusion, (D) seed
endosperm rupture and radicle elongation, (E) radicle elongation, (FG) lateral root formation, (H) imbibed seed (72 h in water) and seed with 10%
water contents, respectively. Pm, micropylar plug; Em, micropylar endosperm; Re, elongated radicle, RI, lateral root. Scale bars: A - D = 3 mm,
E-F=4mm,G=2mm,H=7mm.

FIGURE 2. Mature seed and early stage of germination of A. squamosa, (A) seed with 10% moisture contents, (B) intact imbibed seed prior to rupture
of the seed coat, and (C) seed with rupture of the seed coat. (BC) events are not visible during the process of germination after 30 d of incubation at
35°C and 60% RH in wet peat, triphenyl tetrazolium staining with Bouin’s reagent, respectively. Pm, micropylar plug; En, embryo; Prc, perichalaza.
Scale bars: Aand B = 3 mm, D = 6 mm.
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FIGURE 3. Lateral root formation in seeds with radicle protrusion. (A) changes in cortical and
conducting tissues during their development (B) and (C) longitudinal section of lateral root for-
mation, (D) formation of xylematic pole in lateral root, (E) cross section of the radicle showing
tissue formation of metaxylem and metaphloem and lateral root in front of xylematic poles. Mx,
metaxylem; Mf, metaphloem; PLx, xylematic pole; Cx, cortex; RI, lateral root; Pc, pericycle.
A-D = 10X; E = 40X.

FIGURE 5. Morphological changes in the endosperm of A. squamosa, (A) left imbibed, intact seed endosperm prior to rupture of the seed coat; right,
endosperm of the seed with rupture of the seed coat; (B) seed endosperm with endosperm rupture and elongation of radicle; and (C) elongation of
radicle, cotyledons imbibed in the endosperm. Ep, endosperm protruded.
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FIGURE 4. Longitudinal section of the embryo, mi-
cropylar endosperm and micropylar plug during
the germination process. Note (A) the cellular
arrangement of the micropylar plug, (B) forming
the crack region. En, embryo; Em, endosperm;
Pm, micropylar plug.
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Leubner-Metzger et al., 1995; Krock et al., 2002; Petruzzelli
et al., 2003).

In post-germination (Fig. 1F), the formation and in-
duction of lateral roots were seen. These endogenously
appeared in the radicle from the pericycle (Fig. 3B) and
were initiated by anticlinal and periclinal divisions in
a group of cells that formed the lateral root primordia,
which grows and penetrates the cortex. Figs. 3A and 3B
show the start of the divisions in the pericycle. One can
see the formation of lateral roots in front of xylem poles
that are evident in the cut (Fig. 3E). It can be seen how
the lateral root primordia was developing and growing
through the cortex and epidermis of the primary root
(Figs. 3C, 3D, and 3E), which was achieved by enzymatic
lisis or simple mechanical action (Alonso, 2011). Initially,
there was a connection between the vascular cylinder of
the primary root and lateral root. The literature data sup-
port the conclusion that the connection is made through
transition cells derived from the pericycle or parenchyma,
connecting both vascular cylinders. These transition cells
are called interposed cells that are differentiated from the
sieve elements or xylem vessels (Alonso, 2011).

The anatomical study showed how the seeds of A. squamosa
presented the endosperm with cell wall thickening (Fig.
4A), which is due to galactomannans that are deposited
on the cell walls (Buckeridge et al., 2000). However, in the
micropylar region, thin walls could be seen. This change
occurred because the endosperm in this area may be less
resistant to the radicle protrusion generated by the growth
of the embryo (Da Silva et al., 2007).

Figure 5 shows seeds without testa, where the endosperm
can be appreciated after imbibition (Fig. 5A right), in the
seed coat rupture step (in which the endosperm can be seen
protruding) (Fig. 5A left), in the endosperm and the disrup-
tion of the radicle protrusion step (Fig. 5B), and in post-
germination growth (Fig. 5C). The change in size and shape
of the endosperm and its protrusion through the rupture of
the seed coat could be indicative of endosperm weakening
and, therefore, a reduction in mechanical strength, which
is necessary to complete germination in A. squamosa. This
is supported by reports by Martinez (2012), who found that
these seeds have a morphophysiological dormancy, where,
together with low growth potential of the embryo, there are
restrictions for tissue growth due to the endosperm tissue
and testa (Bewley, 1997; Bradford et al., 2000; Hegashi et
al., 2002; Taiz and Zeiger, 2006).

In Trollius sp. (Hepher and Roberts, 1985), Chenopodium sp.
(Karssen, 1976), several solanaceas, such as the tomato and
tobacco, and Asteraceae, such as lettuce (Hilhorst, 1995;
Bewley 1997; Leubner-Metzger, 2003), the endosperm acts
as a barrier to the protrusion of the radicle and likewise for
the completion of angiosperm seed germination.

The weakening of the endosperm could be related to the
activity of the endo--mannanase enzyme, which is associ-
ated with hydrolysis of the galactomannans contained in
cell walls of many species including Datura ferox (Sanchez
and de Miguel, 1997), Solanum lycopersicum (Groot et al.,
1988) and Coffea arabica (da Silva et al., 2004). The authors
agree that, as a result of the weakening of the endosperm,
carbohydrates are released that constitute an energy source
for the growing embryo and mechanical constraints are
reduced to radicle growth. In this regard, Bewley (1997)
noted that endo-f-mannanase is involved in endosperm
weakening, although -1,3-glucanase, in response to light,
gibberellins, ethylene and ABA, has been implicated as a
regulator of germination (Leubner-Metzger and Meins,
1999).

In seeds of Annona crassiflora, the beginning of em-
bryo growth coincides with the appearance of endo-
fB-mannanase around the cavity in the region of the
embryonic micropylar endosperm and subsequently
diffuses into the lateral endosperm. Endo-f-mannanase
serves to degrade the endosperm to provide energy-rich
compounds in the embryo and also to create a space in the
cavity in order to accommodate the embryo during embryo
growth before radicle protrusion (da Silva et al., 2004). In
seeds of A. squamosa, endosperm weakening could be as-
sociated with the action of hydrolytic enzymes. Evidence
of this is seen in the positive effect of an exogenous applica-
tion of giberrelic acid on germination variables found by
Martinez (2012). With the application of gibberellins, the
weakening of the endospermic tissue is promoted (Bewley,
1997; Bradford et al., 2000; Hegashi et al., 2002; Taiz and
Zeiger, 2006) due to the synthesis of various hydrolytic
enzymes involved in the solubilization of reserves, which
include a- and B-amylase (Taiz and Zeiger, 2006).

Conclusions

The germination of mature A. squamosa seeds is a process
that occurs in two separate and consecutive stages: the
rupture of the testa and the rupture of the endosperm
that occurs later. During post-germination, the induction
and formation of lateral roots are presented. These occur
endogenously in the primary root from the pericycle.
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The weakening of the endosperm starts after the change in
size and shape of this structure, in the rupture of the coat
(the first stage of germination) and at the beginning of the
second stage of germination, wherein the endosperm is
observed to be protruded due to radicle growth, despite
the micropylar plug residues that remain.
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