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Abstract Sperm cells of Solanum verbascifolium L. were iso-
lated by using an in vivo/in vitro method. Hand-pollinated styles
were first grown in vivo for several hours, then cut off from their
base and cultured in vitro until pollen tubes grew out from the cut
end. When the pollen tubes were transferred to broken solution,
the sperm cells were released from broken tubes. For isolation of
egg cells and associated cells, ovules were digested in an enzy-
matic solution for 10–20 min and then transferred to an isolation
solution without enzymes for the dissection. The digested ovules
were cut transversely and the micropyle end was compressed to
release the egg apparatus and central cell. Typically, 7–10 egg
cells could be isolated in 1 h and batches of cells could be
collected together and concentrated using a micromanipulator.
The protocol reported here for the isolation of sperm cells and
egg cells of S. verbascifolium potentially provides a basis for
in vitro fertilization of this dicotyledonous plant, and for the
provision of materials for molecular-biological investigations of
the mechanisms of fertilization.
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Introduction

Isolated sperm cells and egg cells provide useful materials for
the study of fertilization in higher plants, under controlled

conditions, in the absence of somatic tissue. In this way, it is
possible to investigate the mechanisms controlling the
processes of fertilization and zygote activation by male and
female gametes. Kranz et al. (1991) first achieved in vitro
fertilization of maize using isolated sperm and egg cells, and
finally generated fertile plants (Kranz and Lörz 1993). How-
ever, a second instance of in vitro fertilization of higher plants
was not reported until 14 years later, in rice (Uchiumi et al.
2007). This suggests that the establishment of in vitro fertili-
zation methods for flowering plants has been challenging. In
this respect, a major obstacle appears to be the isolation of
sperm cells and egg cells (Wang et al. 2006).

Besides their potential for the study of in vitro fertilization,
isolated sperm cells and egg cells could also provide a re-
source for experimental investigations of the molecular biol-
ogy of the development of the sperm, egg and zygote. In
recent years, several molecular studies of sperm and eggs
have been published. Numerous sperm expressed genes have
now been identified (Ning et al. 2006; von Besser et al. 2006;
Berger 2008; Russell and Dresselhaus 2008; Bayer et al.
2009; Frank and Johnson 2009) and their transcribed products
have been shown to be essential for fertilization and normal
embryogenesis (Gou et al. 2009; Russell et al. 2010,
2012). The mechanisms regulating the transition from
egg to zygote have been progressively elucidated
(Okamoto et al. 2004, 2005; Sauter et al. 1998; Sprunck
et al. 2005; Yang et al. 2006; Zhao et al. 2011). Re-
cently, Leljak-Levanić et al. (2013) identified de novo
transcribed genes in isolated wheat zygote and Abiko
et al. (2013) have examined gene expression profiles in
isolated eggs and zygotes of rice. These molecular stud-
ies of male and female germ cells require the use of
isolated cells to avoid interference by genes from so-
matic tissues, and to permit the location of genes spe-
cifically controlling, or contributing to, the development
of these reproductive cells.
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Solanum verbascifolium L. is a herbaceous annual with a
nearly worldwide distribution. The species contains deriva-
tions of cinnamamide and other compounds (Zhou and Ding
2002). In China, it also has medicinal applications in the
treatment of scabies, eczema, dermatitis, trauma infection
and other diseases (Wu 1989). In the present study, we de-
scribe a protocol for the successful isolation of sperm cells,
egg cells, synergids and central cells of S. verbascifolium.

Materials and methods

Solanum verbascifolium L. (Solanaceae) is widely found
throughout the Xiamen district. The flowers at anthesis were
collected from the Xiamen University campus.

Disruption of pollen grains

Fresh pollen grains did not burst spontaneously when they
were incubated in solutions containing 5–15 % mannitol
(0.273–1.179 mOsmol/kg) for 5–20 min. However, in these
solutions, it was possible to disrupt the grains by compressing
them between two dissecting needles, which released the
pollen cytoplasm.

In vitro pollen tube induction

Pollen grains were placed in media containing 0.1 % (w/v)
KH2PO4, 0.01 % (w/v) KH2PO4, 0.01 % (w/v) H3BO3, or
0.05 % (w/v) CaCl2, and 10–15 % sucrose at pH 6.5 at room
temperature (25 °C). Initial observations indicated that some
pollen grains germinated and produced short pollen tubes.
When the in vitro pollen tubes were transferred to 5–15 %
mannitol solutions, they burst and released the tube contents,
including the generative cell.

In vivo/in vitro induction of pollen tubes

The style of S. verbascifolium is approximately 7 mm long
and pollen tubes require 10 h to travel to the ovary. Therefore,
our protocol was as follows: each flower was emasculated at
anthesis and the stigma was hand-pollinated with fresh pollen.
Pollen tubes were subsequently grown in vivo for 4–10 h.
After growth, the styles were cut near the ovary and immersed
in a medium containing 0.01 % (w/v) H3BO3, 0.01 % (w/v)
KH2PO4, 0.05 % (w/v) CaCl2 and 15 % (w/v) sucrose at
pH 6.0 for 3–5 h, until pollen tubes emerged from the cut
end of the style. The styles with pollen tubes were transferred
into a 5–15 % solution of mannitol. The tubes burst in the
mannitol solution and released their contents, including pairs
of sperm cells.

Isolation of egg cells, synergids and central cells

The ovules of S. verbascifolium were excised from flowers at
anthesis and incubated in an enzyme solution containing 0–
1 % (w/v) cellulase RS (Yakult Pharmaceutical Industry Co.,
Ltd., Higashi Shinbashi Minato-Ku, Tokyo, Japan), 0–1 %
(w/v) hemicellulase (Sigma-Aldrich Chemical Company, St.
Louis, MO), 0–0.3 % (w/v) pectolyase Y-23 (Kikkoman Cor-
poration, Koamicho Nihobashi Chuo-ku Tokyo, Japan), 0–
1 % (w/v) pectinase (Serva Feinbiochemica GmbH. & Co.,
Munich, Germany), 0.05 % (w/v) CaCl2, 1 % (w/v) bovine
serum albumin (BSA), and 6–12 % (w/v) mannitol for 10–
20 min, with gentle shaking at 25–27 °C. The ovules were
then washed twice with the above-mentioned solution but
lacking the enzymes and dissected under an inverted micro-
scope. An ovule was cut transversely into two parts at its mid-
point. After gently depressing the micropyle end of the ovule,
the cells of the egg apparatus and the central cell were released
from the cut end. Isolated egg cells, synergid cells, and central
cells were collected using a micromanipulator and transferred
to an Eppendorf® microcentrifuge tube in preparation for
molecular-biological assays of the cells. Cell viability was
evaluated by fluorescein diacetate (FDA) staining.

The osmolalities of all solutions were measured using an
osmometer (Osmomat 030, Gonotech GmbH, Berlin,
Germany).

Results

Isolation of generative cells

Pollen grains of S. verbascifolium are released at anthesis from
a pore at the top of each anther (Fig. 1a). The pollen grains did
not burst when they were incubated in 5, 10, or 15%mannitol
solutions for 5–10 min (Fig. 1b), or after the addition of equal
volume of water to generate an osmotic shock. However,

�Fig. 1 Isolation of generative cells and sperm cells of S. verbascifolium.
a: Anther of S. verbascifolium at anthesis; b: pollen grains in medium
(×200, bar=40 μm); c: A pollen grain is compressed between two
dissection needles (×400, bar=20 μm); d: A released generative cell
(arrow) from a pollen grain (×800, bar=10 μm); e: The generative cell
displaying viable fluorescence (×800, bar=10 μm); f: A collected
population of generative cells (×800, bar=10 μm); g: Pollen grains with
germinating pollen tubes (×40, bar=200 μm); h: An in vitro pollen tube
(×100, bar=80 μm); i: A generative cell after pollen tube rupture (arrow)
(×400, bar=20 μm); j: Style of S. verbascifolium (mm scale shown); k:
Pollen tubes releasing a pair of sperm cells (arrows) from ruptured pollen
tubes, which grew out from the cut end of the style (×100, bar=80 μm); l:
Sperm cells displaying fluorescence (arrows) (×100, bar=80 μm); m: A
pair of sperm cells (×1000, bar=10 μm); n: Two sperm cells displaying
fluorescence (×1000, bar=10 μm); o: A collected population of sperm
cells (×400, bar=20 μm)
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when the pollen grains in these mannitol solutions were com-
pressed between two dissecting needles (Fig. 1c), they broke
and released their contents, including a generative cell
(Fig. 1d). Viability of the released generative cells was related
to the concentration of the osmotic regulator. In 5 % mannitol
solution, the generative cells became round soon after release
from the pollen grain and the FDA fluorescence lasted only 1–
2 min. In a 10 % mannitol solution, the generative cell
remained elongated and were viable for about 10 min
(Fig. 1e). In 15 % mannitol solution, however, the released
generative cells retained their fusiform shapes for much longer
times but they exhibited no FDA fluorescence. Therefore, the
10 % mannitol solution was considered optimal for isolating
generative cells. The released generative cells were easily
collected and purified in large numbers (Fig. 1f).

In vitro pollen germination

When pollen grains were incubated for 3 h in the saline
containing 10–15 % sucrose, 19.9 % of the pollen grains
germinated and produced pollen tubes (Fig. 1g), which
reached a mean length of 46.09 μm (Fig. 1h). When the
sucrose-saline was then replaced with one containing 10 %
mannitol solution, the tubes burst at the end and released their
contents, including the generative cell (Fig. 1i).

Sperm cell isolation

In the above-mentioned medium, the generative cells within
the pollen tubes did not divide in vitro, even following 3 h of
culture. However, the in vivo/in vitro method induced gener-
ative cell division. Pollen tubes were permitted to grow within
the style in vivo and then the styles were cut and immersed in a
medium containing 0.01 % (w/v) H3BO3, 0.01 % (w/v)
KH2PO4, 0.05 % (w/v) CaCl2 and 15 % (w/v) sucrose for 3–
5 h. The style of S. verbascifolium is about 7 mm long
(Fig. 1j). The pollinated styles grew in vivo over 3–10 h. They
were then cut at the base and transferred to medium to grow
in vitro. Following approximately 2–8 h of incubation, a
number of pollen tubes emerged from the cut end of the style
(Fig. 1k) and exhibited conspicuous cytoplasmic streaming.
To release the sperm cells, the cut end of the style was
transferred and immersed into a bursting solution of 10 %
mannitol. A number of the pollen tubes ruptured and pairs of
elongate sperm cells were released (Fig. 1k and l). In 10 %
mannitol solution, these sperm cells were initially elongated
but rapidly became ellipsoidal and finally round in appearance
(Fig. 1m). The two sperm cells remained connected and FDA
staining indicated they were viable (Fig. 1n). In some cases,
the two sperm cells appeared to be associated with the vege-
tative nucleus as a male germ unit (MGU). The vegetative
nucleus swelled and broke quickly but the sperm cells
remained associated with each other for at least 30 min

(Fig. 1m) and retained viable fluorescence. During this
30 min, the two sperm cells were easily collected using a
micromanipulator (Fig. 1o).

The quality of pollen tubes is vital for successful release of
the tube contents, including the two joined sperm cells. Gen-
erally, the pollen tubes growing out from the cut end of style
achieved suitable quality within 2–3 h after placement of the
style in the in vitro culture solution. However, if the styles did
not grow in vivo to an adequate length, or if the in vitro culture
period was too short, pollen tubes did not emerge from the cut
end of the style. Conversely, if styles grew too long in vivo, or
were held in the culture solution for more than 5 h, the pollen
tubes grew too long and were irregularly curved. These pollen
tubes rarely burst during transfer to the breaking solution.
After a number of trials, it was considered that an in vivo
growth period of 8 h followed by in vitro culturing for 3 h was
optimal for best growth of the pollen tubes and release of the
pair of sperm cells (Fig. 1k and l).

Isolation of the embryo sac cells

The flowers of S. verbascifolium generally bloom at noon
(Fig. 2a). The perianth and stamens were peeled off the
flowers at anthesis (Fig. 2b), and then the ovary wall was
removed, revealing the ovules (Fig. 2c). Ovules were collect-
ed and subjected to enzyme treatment. Following 10–30 min
of incubation in the enzymatic solution, the outline of the
embryo sac was visible (Fig. 2d). This indicated the precise
position for the ovule dissection. The embryo sac of
S. verbascifolium was deeply embedded in the ovule. The
ovule dissection could not be managed without the enzyme
treatment.

The treated ovules were transversely cut with a dissecting
needle. The egg cell and two synergid cells were then released
from the cut end by pressing the micropylar end of the ovule
(Fig. 2e). The released embryo sac cells were easily distin-
guishable in solution because of their larger size than the
nucellar cells. The egg cell, synergid cells and central cell
were also distinguished by their structure and morphology.
Among the four cells of the embryo sac, the central cell is
twice the size of the egg apparatus cells. The two synergid
cells contained more cytoplasm and their nuclei were located
laterally, displaying the same polarity, which is different from
the arrangement in the egg cell. The three isolated cells
displayed fluorescence, which suggested the cells remained
viable following the isolation procedures (Fig. 2f). The three
egg apparatus cells were separated in the same way as the egg
cell (Fig. 2g and h) and collected individually using a micro-
manipulator to specifically isolate the colony of egg cells
(Fig. 2i). Strong FDA fluorescence was maintained for 1 h
(Fig. 2j). Thereafter, the fluorescence decreased and was lost
3 h after isolation. Therefore, isolated egg cells should be used
within 1 h in in vitro fertilization assays.
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The two isolated synergid cells at anthesis contained more
cytoplasm (Fig. 2k) with stronger fluorescence (Fig. 2l) than
the egg cell. The two synergid cells were collected together
into a group of synergid cells using a micromanipulator
(Fig. 2m and n). This provides an opportunity for future study
of synergid development and function.

If an appropriate incision was made in the embryo sac, which
did not break the central cell, the central cell could be released
through the cut by pressing the micropylar end of the ovule
(Fig. 2o). Freshly isolated central cell also displayed strong FDA
fluorescence but this soon decreased (Fig. 2p). The central cells
were also collected into a group using a micromanipulator.

Fig. 2 Isolation of egg cells, synergids and central cells of
S. verbascifolium. a: A flower of S. verbascifolium at anthesis; b: A
gynoecium of S. verbascifolium; c: Ovules after exciting off ovary wall;
d: The structure of an ovule (×40, bar=200 μm); e: Three cells of the egg
apparatus released from an ovule, S: synergid, E: egg cell (×400, bar=
20μm); f: Three cells of the egg apparatus displaying fluorescence (×400,
bar=20 μm); g: An isolated egg (×400, bar=20 μm); h: An egg cell

displaying fluorescence (×400, bar=20 μm); i: Four collected egg cells
(×400, bar=20 μm); j: Egg cells displaying fluorescence (×400, bar=
20 μm); k: A pair of released synergids (×400, bar=20 μm); l: Two
synergids displaying brighter fluorescence (×400, bar=20 μm); m: Six
isolated synergids (×400, bar=20 μm); n: Synergids displaying fluores-
cence (×400, bar=20 μm); o: A released central cell (×200, bar=40 μm);
p: A central cell displaying weak fluorescence (×200, bar=40 μm)
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Optimal conditions for the isolation of egg cells

Typically, about 30 ovules could be dissected in 1 h. Isolation
of the egg cell was difficult without enzymatic digestion but
after addition of suitable enzymes to the digestion solution,
dissection of the ovules was relatively easy. To avoid continu-
ing enzyme digestion, which could reduce or eliminate egg
viability, the ovules were incubated in the enzymatic solution
for only 10–20 min. The enzymatic solution was then re-
moved and the ovules were dissected in the same solution
without enzymes. The composition and concentration of en-
zymes in the digesting solution were effective for isolation of
the cells of the embryo sac. Among the enzymes, pectolyase
Y-23 was necessary to digest integument cells. Ovules could
not be effectively dissected out using other enzymes without
pectolyase Y-23. The most effective concentration of
pectolyase Y-23 was 0.07 %. At lower concentrations of
pectolyase Y-23, peeling of the integument and excision of
nucellar cells was difficult and fewer ovules were dissected.
Increasing the pectolyase Y-23 concentration allowed isola-
tion of egg apparatus cells but the embryo sac cells adhered
and it was difficult to separate the egg cell from the two
synergid cells. Pectinase also helped the digestion of embryo
sac cells. Without this enzyme, the egg apparatus cells were
tightly conglutinated and cytoplasmic materials from the cen-
tral cell were also adhering to their surface. This increased the
difficulty of separating the egg cells and a fewer egg cells
could be isolated. Cellulase and hemicellulase in the digesting
solution mainly assisted the digestion of the cell wall of the
egg apparatus cells and released the cells as protoplasts with a
clear surface. In addition, the egg cells could be separated
from the two synergids with little difficulty. The optimal
concentrations of both enzymes were 0.1 % (Table 1).

The osmolalities of the enzymatic digestion and dissection
solutions also affected the isolation of the embryo sac cells
and the viability of the egg cells. At 6 % mannitol, no embryo
sac cells were released. In 8 % mannitol (0.523 mOsmol/kg),
3 egg cells could be dissected within 1 h, but the cells became
increasingly inflated and the cytoplasm density was low. The

FDA stain indicated that these egg cells were viable for only
10 min post-isolation. A higher osmolality (12 % mannitol,
0.829 mOsmol/kg) in the digestion and dissection solutions
had no obvious effect on the isolation frequency of egg cells; 4
egg cells and 6 synergid cells could be isolated but they
remained viable for only 20 min. Therefore, based on the
isolation success of embryo sac cells and their viability, an
osmolality of 0.633 mOsmol/kg (10 % mannitol) in the
digesting and dissecting solutions was considered most suit-
able (Table 2). In this solution, 8 egg cells could be isolated
from 30 ovules in 1 h and they retained viability, indicated by
FDA fluorescence, for 60 min.

Discussion

To date, successful in vitro fertilization of higher plants has
been achieved in only twomonocotyledons, maize (Kranz and
Lörz 1993) and rice (Uchiumi et al. 2007). It is unknown
whether the fertilization features of maize and rice are repre-
sentative. Therefore, there is a need to examine in vitro fertil-
ization in more species, particularly dicotyledons. The mature
pollen grains of S. verbascifolium are bicellular, and its ovules
are crassinucellate so that sperm and egg isolation display
some specific characteristics.

Table 1 Effect of different enzymatic concentration and combination on the isolation of egg cell

Pectinase (%) Pectolyase
Y-23 (%)

Cellulase
RS (%)

Hemi-cellulase (%) Number of
dissected ovules

Number of
isolated egg

Success
percentsage

1.00 0.30 1.00 1.00 30 0 0

1.00 0.20 0.50 0.50 28 1 3.57

0.75 0.25 0.50 0.50 31 2 6.45

0.40 0.10 0.30 0.30 30 4 13.33

0.13 0.07 0.10 0.10 32 9 28.13

0.08 0.03 0.05 0.05 29 3 10.34

0.05 0.02 0.03 0.03 31 0 0

# egg cells isolated per h

Table 2 Effect of different concentration of mannitol on the isolation of
egg cell

Concentration
of mannitol (%)

Number of
dissected
ovules

Number of
isolated eggs

Success
percentage

Duration of
fluorescence
(min)

8 30 3 10.00 10

10 30 8 26.67 60

12 30 4 13.33 20

Note: The digestion solution contained 0.13 % Pectinase, 0.07 %
Pectolyase Y-23, 0.01 % Cellulase RS and 0.01 % Hemi-cellulase and
dissection solution was same but without enzymes
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Sperm cell isolation of S. verbascifolium

Sperm cell isolation is central to performing in vitro fertilization
and investigating spermatogenesis (Wang et al. 2006). Two
types of pollen are characteristic of angiosperms at anthesis:
bicellular and tricellular pollen. Sperm isolation is relatively easy
in tricellular pollen species. Generally, when tricellular pollen
grains are incubated in a medium of moderately high osmolality,
the grains readily break releasing the contents, including two
sperm cells. The isolation of sperm cells in bicellular pollen
species is more difficult because the generative cell undergoes
mitosis to form two sperm cells within the pollen tube. There-
fore, to isolate the sperm cells, it is first necessary to induce
pollen tube growth. However, in some species, such as tobacco,
the generative cell does not divide completely in the in vitro
pollen tubes unless specific amino acids are added (Read et al.
1993). In addition, the style of tobacco is 4 cm long and pollen
tubes must travel for two days before arriving at the ovary (Tian
and Russell 1998). By contrast, the in vitro pollen tubes of
tobacco were only a few mm long. Mature sperm cells could
not be isolated from the in vitro pollen tubes. These observations
indicate that in vitro pollen tubes may be deficient in some
respects, especially in some long-style species.

The mature pollen grains of S. verbascifolium are bicellular,
comprising only a vegetative and a generative cell. Generative
and sperm cell isolation in S. verbascifolium had not been
achieved prior to the present study. The pollen grains of
S. verbascifolium could not be disrupted in mannitol media to
release their contents. Here, we used two dissecting needles to
compress the pollen grains, rupturing some of them to release
the generative cells. To isolate sperm cells, we applied an
in vivo/in vitro technique (Shivanna et al. 1988) in which entire
pollinated styles were first grown in vivo for 8 h; the whole style
then was cut off and transferred to a medium for in vitro culture.
When the pollen tubes emerged from the cut end of the style
following 3 h of in vitro growth, the styles with pollen tubes
were transferred to a solution to burst the tubes. Two sperm cells
were released from the disrupted tubes. At this point, a ‘popu-
lation’ of sperm cells can be collected with a micromanipulator.
By these means, our sperm isolation method could provide the
basis for in vitro fertilization of S. verbascifolium and the
identification of unique genes and proteins that may be specif-
ically involved in spermatogenesis in this and other species.

Egg cell isolation in S. verbascifolium

The isolation of egg cells of higher plants is a precondition for
carrying out in vitro fertilization and is also a basic require-
ment for experimental studies of the developmental mecha-
nisms in eggs and zygotes, using molecular methods. How-
ever, the egg cell is deeply embedded in the ovule located
within the ovary. Thus, egg isolation is more difficult than
sperm isolation. During egg cell isolation, two primary factors

affect the results. The first is the skill of researcher in dissection
of ovules under the inverted microscope. Another important
factor is optimization of the conditions for egg isolation, in-
cluding the concentration and proportion of enzymes and the
osmolalities of the enzyme solution and the isolation solution. It
is difficult to dissect out ovules without enzymatic digestion, or
even peel away the integument. In the digestion solution con-
taining suitable enzymes, the ovules became soft and were
relative easily dissected. In the present study, we found that
including pectinase in the enzymatic digestion helped to soften
the ovules, which were then easy to dissect. Cellulase in the
enzymatic digestion facilitated removal of the cell wall of the
egg apparatus cells, which made ovules easy to release the
egg apparatus cells when the ovule micropyle was compressed.
However, higher concentrations of enzymes did not improve
the isolation of egg cells because the three cells of the egg
apparatus were tightly adherent. At lower concentrations of
enzymes it was also difficult to isolate egg cells. Using an
enzymatic solution containing 0.13 % pectinase, 0.07 %
pectolyase Y-23, 0.1 % cellulase RS and 0.1 % hemicellulase,
we were able to isolate 9 egg cells from 32 ovules of
S. verbascifolium in 1 h (Table 1). Under these conditions of
relatively low concentrations of enzymes, the isolated egg cells
displayed stronger and longer lasting viability fluorescence.

The osmolality of embryo sac cells is higher than that of
nucellar somatic cells, although the values vary among species
(van Went and Kwee 1990; Imre and Kristof 1999). If the
osmolalities of the enzymatic and isolating solutions were low,
the egg apparatus cells were difficult to release, and the cells
tended to break during dissection. When the osmolality was
higher, the released egg apparatus cells shrank and their fluores-
cencewas short-lived, indicating reduced cell viability (Table 2).
The osmotic components of the enzymatic and isolating solu-
tions need to be carefully selected during egg isolation. The
selection should take into account both the ease of release of the
egg cells and the duration of viability. In the present study, the
solution containing 10%mannitol was optimal for isolating egg
apparatus cells and for maintaining egg cell viability.
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