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Abstract The effect of different external factors on pol-
len germination and pollen tube growth is well docu-
mented for several species. On the other hand the
consequences of these factors on the division of the
generative nucleus and the formation of callose plugs are
less known. In this study we report the effect of medium
pH, 2-[N-morpholino]ethanesulfonic acid (MES) buffer,
sucrose concentration, partial substitution of sucrose by
polyethyleneglycol (PEG) 6000, arginine (Arg), and
pollen density on the following parameters: pollen ger-
mination, pollen tube length, division of the generative
nucleus, and the formation of callose plugs. We also
studied the different developmental processes in relation
to time. The optimal pH for all parameters tested was
6.7. In particular, the division of the generative nucleus
and callose plug deposition were inhibited at lower pH
values. MES buffer had a toxic effect; both pollen ger-
mination and pollen tube length were lowered. MES
buffer also influenced migration of the male germ unit
(MGU), the second mitotic division, and the formation
of callose plugs. A sucrose concentration of 10% was
optimal for pollen germination, pollen tube growth rate
and final pollen tube length, as well as for division of the
generative nucleus and the production of callose plugs.
Partial substitution of sucrose by PEG 6000 had no
influence on pollen germination and pollen tube length.
However, in these pollen tubes the MGU often did not
migrate and no callose plugs were observed. Pollen tube
growth was independent of the migration of the MGU
and the deposition of callose plugs. In previous experi-

ments Arg proved to be positive for the division of the
generative nucleus in pollen tubes cultured in vitro.
Here, we found that more pollen tubes had callose plugs
and more callose plugs per pollen tube were produced on
medium with Arg. After the MGU migrated into the
pollen tube (1 h after cultivation), callose plugs were
deposited (3 h). After 8 h the first sperm cells were
produced. The MGU moved away from the active pol-
len tube tip until the second pollen mitosis occurred,
thereafter the distance from the MGU to the pollen tube
tip diminished. Callose plug deposition never started
prior to MGU migration into the pollen tube. Pollen
tubes without a MGU also lack callose plugs (±30% of
the total number of pollen tubes). Furthermore, we
found a correlation between the occurrence of sperm
cells in pollen tubes and the synthesis of callose plugs.

Keywords Callose plugs Æ In vitro pollen germination Æ
Second pollen mitosis Æ Sperm cells

Introduction

Pollen germination and tube growth are essential pro-
cesses that ensure the reproduction of flowering plants.
Pollen tubes are vectors carrying the male sperm cells to
the egg cell in the ovule, and are strictly tip-growing.
They are characterised by an axially oriented cytoskel-
eton, a typically zonated cytoplasm, and a so-called re-
verse fountain-like cytoplasm streaming pattern (Cai
et al. 1997; Taylor and Hepler 1997; Derksen et al.
2002). In vitro germination assays are helpful in the
study of the growth requirements of pollen tubes.
Important external factors influencing pollen germina-
tion in vitro include the carbon source, boron and cal-
cium, temperature, water potential, pH, and pollen
density, and optimum conditions vary according to
pollen species (Túpy and Rihova 1984; Read et al.
1993a; Holm 1994; Shivanna and Sawhney 1995; Rihova
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et al. 1996; Pasonen and Kapyla 1998; Holdaway-Clarke
et al. 2003; Schreiber and Dresselhaus 2003).

Although in vitro germination provides a controlled
experimental environment, tube growth in vitro does not
completely mimic growth in vivo (Derksen et al. 2002).
For species with binucleate pollen, such as Aechmea
fasciata, at some point after pollen germination, pollen
switches from predominantly autotrophic to predomi-
nantly heterotrophic growth, the generative cell (GC)
divides (‘second pollen mitosis’) and the first callose
plugs are produced. The growth of bicellular pollen is
biphasic, the growth rate is slow during the first few
hours after germination (autotrophic), followed by a 2-
to 5-fold increase in growth rate (heterotrophic)
(Mulcahy and Mulcahy 1988; de Graaf et al. 2001;
Stephenson et al. 2003). The term pollen growth tran-
sition (PGT) is used to denote the time, and associated
cellular processes, when pollen tubes switch from slow to
rapid growth. It is generally accepted that PGT fails to
occur in vitro (Lubliner et al. 2003).

In their attempts to optimise in vitro media for certain
species, most researchers focus only on the effects of the in
vitro medium on pollen germination and pollen tube
growth (Rihova et al. 1996; Fan et al. 2001; Holdaway-
Clarke et al. 2003; Hudson and Stewart 2004; Tang et al.
2004; Wolukau et al. 2004). However, other processes,
such as the division of the generative nucleus into two
sperm nuclei (SN) in binucleate pollen and the formation
of callose plugs,may be induced by several components of
the medium (Read et al. 1993a; Li et al. 1997; Laitiainen
et al. 2002; Vervaeke et al. 2004a). The vegetative nucleus
(VN) and the GC or the two sperm cells are proposed to
form a functional assemblage, the male germ unit
(MGU). The sperm and vegetative nuclei move as the
MGU and this association can be important for success-
ful transmission of the male gametes (Palevitz 1993; Lal-
anne and Twell 2002). Callose, a 1,3-b-glucan with some
1,6 linked branches, is deposited as the major component
in the wall of growing pollen tubes, but is confined to the
inner wall layer behind the tube tip, and to transverse
walls named plugs (Ferguson et al. 1998). The control of
callose deposition may be related to the mechanisms
controlling tip-growth of pollen tubes and their polar
cytoplasmic organisation (Taylor and Hepler 1997).

An optimal medium that enables at least 90% pollen
germination and normal pollen tube morphology is
useful for both basic studies on pollen function and
applied aspects such as in vitro pollination and fertili-
sation. The proper transport of the vegetative and the
generative nucleus and the formation of sperm cells is a
prerequisite for successful fertilisation (Laitiainen et al.
2002; Vervaeke et al. 2004a, 2004b). In previous studies,
A. fasciata (Bromeliaceae) proved to be well-suited for
studies on fertilisation (in vivo and in vitro), and in vitro
and semi in vivo pollen tube growth (Vervaeke et al.
2002, 2004a, 2004b, 2005), and therefore we decided to
use A. fasciata as a model plant for this study.

The aim of this study was to determine the most
favourable medium for pollen germination and tube

length, but also for the division of the generative nucleus
and the formation of callose plugs. Therefore, different
external factors were studied: medium pH, 2-[N-mor-
pholino]ethanesulfonic acid (MES) buffer, sucrose con-
centration, partial substitution of sucrose by
polyethyleneglycol (PEG) 6000, arginine (Arg), and
pollen density. Furthermore, the different developmental
processes were studied in relation to time.

Materials and methods

Aechmea fasciata plants were cultivated in greenhouses
and maintained at average day/night temperatures of
21±0.5�C/19.5±0.5�C, respectively, and at 65±5%
relative humidity. Normal nursery practice for pest
control, watering, ventilation and fertilisation was con-
ducted. Flower induction was started by ethylene.

Anthers were taken from flowers at anthesis between
8 a.m. and 10 a.m. and were transferred to a 1.5 ml
Eppendorf tube. Pollen was isolated from these anthers
by shaking them in 1 ml liquid modified Nitsch medium
[80 mg/l NH4NO3, 125 mg/l KNO3, 500 mg/l Ca(-
NO3)2Æ4H2O, 125 mg/l KH2PO4, 3 mg/l ZnSO4Æ4H2O,
0.5 mg/l ZnSO4Æ7H2O, 10 mg/l H3BO3, 0.025 mg/l Cu-
SO4Æ5H2O, 0.025 Na2MoO4Æ2H2O; Higashiyama et al.
1998]. The anther-medium mix was then placed on 4 ml
solid medium (5 g/l Difco agar) in a Petri dish (diameter
55 mm). The medium was autoclaved (15 min at 121�C
and 1.5 bar), thus obtaining a microorganism-free
medium. For each determination, ten flowers (ten Petri
dishes) were observed. Petri dishes were incubated at
20�C for 24 h in a growth chamber with continuous light
at a light intensity of 40 lmol m�2 s�1 (lamp type: OS-
RAM L36/10).

Pollen germination was determined by light micros-
copy. Pollen grains were scored as germinated when the
pollen tube length was at least twice the pollen grain
length. For each determination, 300 pollen grains were
evaluated. Pollen tube length of approximately 100 tubes
was measured. For 4¢,6-diamidino-2-phenylindole
(DAPI) staining of germinated pollen grains, 0.6 ml
Partec Cystain UV Ploidy solution was added to the
pollen grains. DAPI stains the generative and vegetative
nuclei and makes them visible under fluorescence
microscopy. In each pollen sample, at least 40 pollen
tubes were examined for division of the generative nu-
cleus. After 1 h, ethanol (70%, 1 ml) was added to the
Petri dishes. After evaporation of ethanol, pollen tubes
were stained with aniline blue (AB; 0.05% in 0.06 M
K2HPO4-K3PO4, pH 11) for at least 16 h in the dark.
Callose stains with AB and consequently callose plugs in
pollen tubes can be observed by means of UV fluores-
cence microscopy. The percentage of pollen tubes with
callose plugs was determined; at least 40 pollen tubes per
pollen sample were scored. For each determination, the
number of callose plugs was counted in 100 pollen tubes.
Microscopy was performed by means of an OLYMPUS
BX 40 microscope with a BP-360–370 nm excitation
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filter (DM-400 dichroic mirror and BA420 barrier filter)
connected to a JVC camera and a computer with
MicroImage image analysis software.

Different external factors influencing pollen germi-
nation, pollen tube length, division of the generative
nucleus and the formation of callose plugs were studied.
These were: pH (pH was adjusted with 1 M KOH before
autoclaving), MES buffer, sucrose concentration, partial
substitution of sucrose by PEG 6000, Arg (1 mM), and
pollen density (one-half, one, two or four anthers were
added to 1 ml liquid medium; the average number of
pollen grains per square millimetre was subsequently
determined by image analysis). Medium pH before and
after autoclaving was measured using a Consort P901
and a Hamilton Slimtrode (PIN238150/04, pH 0–14).
For the optimal medium (100 g/l sucrose, 1 mM Arg,
pH 8.3 before autoclaving, two anthers per Petri dish),
pollen germination, pollen tube length, movement of the
MGU, division of the generative nucleus, distance of the
MGU from the pollen tube tip, the formation of callose
plugs (% pollen tubes with one or more plugs and the
average number of plugs per pollen tube) were deter-
mined in relation to time after start of pollen germina-
tion on the in vitro medium (0.5, 1, 1.5, 2, 3, 4, 6, 8, 10,
12, 24 and 48 h). After these time intervals DAPI (600 ll
Partec Cystain UV Ploidy Solution), which inhibited
further pollen tube growth, was added to the pollen
grains. In order to fix the pollen tubes and improve AB
staining, ethanol (70%, 1 ml) was added. AB staining
was completed as described above.

Results

Influence of pH and MES buffer

In unbuffered modified Nitsch medium, the pH was
lowered after autoclaving (Table 1). In general, cultiva-
tion of pollen grains and pollen tubes did not influence
the medium pH. Only when themedium pHwas 7.5 (after
autoclaving), did the pH drop to 6.9 due to pollen
germination and tube growth. Pollen germination, pollen
tube length, division of the generative nucleus, and the

formation of callose plugs were optimal when the pH
after autoclaving was 6.7 (Fig. 1a). When the pH was 7.8
before and 5.9 after autoclaving pollen, the germination
rate was high (83±13%); however, pollen tubes were
shorter and produced fewer sperm cells and callose plugs.
The formation of sperm cells was optimal at pH 6.7–7.5
after autoclaving (Fig. 1b). Not all pollen tubes had a
MGU, these pollen tubes also lacked callose plugs
(±30% of the total number of pollen tubes produced
when the pH after autoclaving was 6.7). When the pH
after autoclaving was 5.9, pollen tubes showed normal
migration of theMGU, but the second pollen mitosis was
often inhibited (Fig. 1c). At this lower pH pollen tubes
often showed characteristic curling (Fig. 1c). Pollen tubes
cultured at high pH (8.1 after autoclaving) without nor-
mal callose plugs showed high fluorescence, were thicker
and the pollen tube tips were swollen (Fig. 1d).

MES buffer, with a pH range between 5.5 and 6.7,
had a negative influence on the in vitro germination and
tube growth of A. fasciata pollen (Table 2). Pollen
grains scored as not germinated had a burst pollen tube
(Fig. 2a). Bursting was characterised by an irregular
mass of cytoplasm protruding from the pollen grain.
Autoclaving and pollen germination had no influence on
pH when 12.5 mM MES was added to the medium.
When the pH was adjusted to 6.3 or lower with 12.5 mM
MES, the generative and vegetative nucleus did not
migrate into the pollen tube (Fig. 2b) and no callose
plugs were produced (Fig. 2c). From pH 6.7 onwards,
MES buffer was less effective and the medium pH was
lowered after autoclaving. There was still an overall
negative effect of the MES buffer, which resulted in
lower pollen germination and a reduced pollen tube
length. In media of pH 6.7 and higher, the generative
and vegetative nucleus migrated into the pollen tube, but
the GC did not divide into sperm cells (Fig. 2d) and no
callose plugs were produced.

Influence of sucrose and PEG 6000

In previous experiments a sucrose concentration of 20%
was used (Vervaeke et al. 2004a). The results in Table 3

Table 1 Influence of pH on pollen germination, tube length, per-
cent of pollen tubes with male germ unit (MGU) where sperm cells
were formed, percent of pollen tubes with callose plugs, and the

average number of callose plugs per pollen tube in Aechmea fas-
ciata pollen tubes cultured in vitro [modified Nitsch medium, 10%
sucrose, 1 mM arginine (Arg)]. Values are means ±SE

pH before
autoclaving

pH after
autoclaving

pH after
24 h pollen
germination

Pollen
germination
(%)

Pollen tube
length (lm)

Percentage of
pollen tubes
with two
sperm cells

Percentage
of pollen tubes
with callose plugs

Number
of callose
plugs per
pollen tube

6.3 5.9 5.8 3±3 nda nd nd nd
6.8 5.8 5.9 62±14 1,446±816 6±9 0±0 nd
7.3 5.8 5.8 58±11 1,320±727 3±6 23±19 2.6±1.3
7.8 5.9 6 83±13 2,127±1,157 11±11 28±12 3.1±1.7
8.3 6.7 6.5 80±12 2,998±1,045 94±3 69±13 11.5±3.4
8.8 7.5 6.9 66±13 2,282±927 99±1 45±29 3.7±1.8
9.3 8.1 8.0 0±0 nd nd nd nd

aNot determined
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show that a sucrose concentration of 10% was optimal
for both pollen germination and pollen tube length. In
94% of the pollen tubes with a MGU, the generative
nucleus divided into two sperm cells. The percentage of
pollen tubes with one or more callose plugs was not
influenced by the sucrose concentration, but more

callose plugs were formed on a medium with 10% su-
crose (average of 11.5 on medium with 10% sucrose in
contrast to 2.7 and 2.9 on 5 and 20% sucrose, respec-
tively). Because pollen tubes were often swollen at the tip
on medium containing sucrose (Fig. 3a), sucrose was
partly replaced with PEG 6000 (Table 3). PEG 6000 had
no influence on pollen germination or pollen tube
length. However, these pollen tubes lacked a MGU and
consequently no sperm cells were formed. Also, either no
callose plugs were produced (Fig. 3b), or callose depo-
sition was abnormal, with no clear plugs (Fig. 3c). When
cultured on medium containing PEG 6000, the pollen
tube tips showed characteristic bursting (Fig. 3d).

Influence Arg and number of pollen grains
per square millimeter

To study the influence of the pollen density, the number
of pollen grains per square millimeter was counted when
one-half, one, two and four anthers were shaken in 1 ml
liquid medium and the pollen were deposited on solid
medium in a Petri dish. In previous experiments, two
anthers were always used, resulting in an average density
of 1.8±0.9 pollen grains per square millimeter (Table 4).
When four anthers were used it was impractical to
measure the pollen tube length because all pollen tubes
were intertwined. Visually, they were not shorter than

Fig. 1 a Callose plugs, pH 8.3 before autoclaving (AB staining).
b Pollen tube with sperm cells and vegetative nucleus, pH 8.8
before autoclaving [4¢,6-Diamidino-2-phenylindole (DAPI) stain-
ing]. c Curling of pollen tube and irregular formation of callose,
pH 7.3 before autoclaving (DAPI and AB staining). d Normal
pollen tubes with callose plugs and thicker pollen tube with strong
fluorescence (arrow), pH 8.8 before autoclaving [aniline blue (AB)
staining]. Bars a, c 50 lm; b 200 lm; d 100 lm

Table 2 Influence of pH and 2-[N-morpholino]ethanesulfonic acid
(MES) buffer (12.5 mM) on pollen germination and tube length of
A. fasciata pollen (modified Nitsch medium, 10% sucrose, 1 mM
Arg)

pH before
autoclaving

pH after
autoclaving

pH after
24 h pollen
germination

Pollen
germination
(%)

Pollen tube
length
(lm)

5.5 5.5 5.5 10±4 794±385
5.9 5.9 5.9 32±12 1305±845
6.3 6.3 6.3 54±10 1,082±800
6.7 6.5 6.5 29±13 1,049±711
7.1 6.8 6.7 69±12 850±576

–: No observations
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when pollen density was lower. On medium with Arg at
lower densities, pollen tube length and the number of
callose plugs were lower. On medium without Arg,
pollen tube length, percentage of pollen tubes with
sperm cells, percentage of pollen tubes with callose

plugs, and the number of callose plugs were lower. Only
pollen germination was not influenced by Arg. On
medium without Arg the different parameters evaluated
(see Table 4) were enhanced with increasing pollen
density; however, values obtained on medium with Arg
were never reached.

Timing of the second pollen mitosis and
formation of callose plugs

After 30 min cultivation on modified Nitsch medium
with 20% sucrose, pH 8.3 before autoclaving, and

Fig. 2a–d Influence of 2-[N-morpholino]ethanesulfonic acid (MES)
buffer (12.5 mM). a Abnormal pollen tube formation, pH 5.9
before autoclaving (DAPI and AB staining). b Pollen tube without
nuclei and without callose plugs, pH 5.5 before autoclaving (DAPI
and AB staining). c Pollen tube tip without callose and nuclei,
pH 5.9 before autoclaving (DAPI and AB staining). d Generative
and vegetative nucleus [male germ unit (MGU)] in pollen tube,
pH 7.1 before autoclaving (DAPI staining). Bars a, c 50 lm; b, d
200 lm)

Table 3 Influence of sucrose and PEG 6000 on germination, tube
length, percentage of pollen tubes with MGU where sperm cells
were formed, percentage of pollen tubes with callose plugs, and the

average number of callose plugs per pollen tube in A. fasciata
pollen tubes cultured in vitro (modified Nitsch medium, pH 8.3
before autoclaving, 1 mM Arg). Values given are means ±SE

Sucrose
(%)

PEG
6000 (%)

Pollen
germination
(%)

Pollen tube
length (lm)

Percentage
of pollen
tubes with
two sperm cells

Percentage
of pollen
tubes with
callose plugs

Number of
callose plugs
per pollen tube

5 �a 55±6 1,382±171 79±5 63±7 2.7±1.6
10 � 80±12 2,998±1,045 94±3 69±13 11.5±3.4
20 � 71±19 1,412±537 78±6 65±9 2.9±1.9
5 5 88±5 2,897±980 46±11 12±13 1.1±0.3
7.5 2.5 85±7 2,437±770 50±29 24±11 1.9±0.7

aNot added
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1 mM Arg, pollen grains were hydrated and small pollen
tubes were sometimes formed (Fig. 4a). Nevertheless,
any tubes formed were still smaller than the pollen grain
diameter (Table 5). After 1 h, pollen germination was
almost at the maximal level and the MGU started to
migrate into the pollen tube. Between 1.5 h and 2 h

Fig. 3a–d Influence of sucrose and PEG 6000. a 10% sucrose;
pollen tube tip swollen (DAPI and AB staining). b 5% sucrose, 5%
PEG 6000; pollen tubes without nuclei and callose plugs (DAPI
and AB staining). c 5% sucrose, 5% PEG 6000; abnormal
deposition of callose (AB staining). d 5% sucrose, 5% PEG 6000;
burst pollen tube tip (DAPI staining). Bars a, b, d, 50 lm; c 100 lm

Table 4 Influence of style extract, Arg (1 mM) and number of
pollen grains per square millimeter on pollen germination, pollen
tube length, percentage of pollen tubes with MGU where sperm
cells were formed, percentage of pollen tubes with callose plugs,

and the average number of callose plugs per pollen tube in A.
fasciata pollen tubes cultured in vitro (modified Nitsch medium,
10% sucrose, pH 8.3 before autoclaving). Values given are means
±SE

1 mM
Arga

Number of
pollen grains
per square
millimeter

Pollen
germination
(%)

Pollen tube
length (lm)

Percentage
of pollen
tubes with
two sperm cells

Percentage of
pollen tubes
with callose plugs

Number of
callose plugs per
pollen tube

+ 1.8±0.9 85±7 1,656±922 87±7 86±7 10.5±1.8
� 1.8±0.9 76±4 585±387 15±5 50±11 2.7±1.4
+ 0.6±0.4 77±14 2,060±1,280 73±15 71±7 4.3±2.2
+ 0.9±0.5 82±11 1,919±1,316 81±4 80±5 8.2±3.3
+ 1.8±0.9 80±12 2,998±1,045 94±3 69±13 11.5±3.4
+ 5.1±3.3 91±4 ndb 88±2 90±5 11.4±2.1
� 0.6±0.4 76±5 607±503 15±7 32±9 1.8±1.0
� 0.9±0.5 70±6 534±380 9±4 28±7 1.9±1.0
� 1.8±0.9 85±6 1,045±561 15±9 45±12 4.8±2.5
� 5.1±3.3 71±9 1,333±974 26±6 51±6 5.9±3.1

a+ Present in medium, � not added to medium
bNot determined—impractical to measure
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there was strong pollen tube growth (1.1 mm h�1), and
at 3 h the first callose plugs were formed (Fig. 4b). Be-
tween 3 h and 10 h pollen tube growth almost ceased
but the percentage of pollen tubes with callose plugs and
the number of callose plugs per pollen tube increased.

The active pollen tube tip did not show callose deposi-
tion (Fig. 4c), until the first tips started to swell at 10 h
(Fig. 4d). The distance of the MGU to the pollen tube
tip increased until 8 h and decreased again when the first
SN were formed (Fig. 4e). Pollen tubes continued to
elongate for between 12 h and 24 h; however, the
number of callose plugs did not increase, due to the
increasing distance between the callose plug last formed
and the MGU. About 30% of the callose plugs were
‘empty’ (they had no MGU nor callose plugs, Fig. 4f);
these pollen tubes were smaller and had an average
length of 609±229 lm.

Fig. 4 a Hydrated pollen grain with small pollen tube at 0.5 h.
b Callose plugs 4 h after start (AB staining). c Pollen tube tip
without callose wall at 2 h (AB staining). d Pollen tube with MGU
and swollen tips 48 h after start. e MGU with vegetative and two
sperm nuclei (SN) after 8 h (DAPI staining). f Pollen tube
without MGU and callose plugs at 12 h (DAPI and AB staining).
Bars a, b, d, e 50 lm; c 100 lm; f 200 lm
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Discussion

Influence of pH and MES buffer

The optimal pH in unbuffered medium differed for
pollen germination, tube elongation, generative nucleus
division and the formation of callose plugs. At a rela-
tively high pH (7.5) the GC divided into two sperm cells
in 99±1% of pollen tubes with a MGU. After 24 h
cultivation of pollen tubes, the medium pH decreased
from 7.5 to 6.9. In Crotalaria retusa, pollen germinated
and grew well in unbuffered media of pH ranging from
4.0 to 9.0, whereas buffered medium of pH 6.0 appeared
to be the best medium for germination. This was prob-
ably due to the ability of pollen to shift the pH of
unbuffered solutions to the optimum level by releasing a
range of metabolites (Sharma and Shivanna 1983). A.
fasciata pollen grains had less influence on medium pH
in unbuffered media, even at higher pollen densities
(results not shown). For A. fasciata pollen grains, a pH
of 6.7 after autoclaving was optimal for all parameters
tested. In general, the optimal pH differs between dif-
ferent species; e.g. pH 7.0 was optimal for Borago offi-
cinalis (trinucleate) (Montaner et al. 2003), pH 8.0 for
Brassica napus (trinucleate) (Shivanna and Sawhney
1995), pH 5.8 for Arabidopsis thaliana (trinucleate) (Fan
et al. 2001), pH 5.9 for Nicotiana tabacum (binucleate)
(Read et al. 1993a), and pH 5.5 for Lilium longiflorum
(Messerli and Robinson 2003). In L. longiflorum the
cytosolic pH was very sensitive to values exceeding
pH 7.0, where growth stopped immediately (Fricker
et al. 1997). Lowered pH may weaken the pectin cell wall
as the greater [H+]0 will compete with Ca2+ to reduce
pectin cross-linking. Also, low pH should keep pectin
methyl esterase (PME) in a less active state, leading to a
higher degree of pectin esterification and a weaker cell

wall. In less acidic media, Ca2+ will bind pectin more
extensively and PME will be in a more active state,
strengthening the cell wall, eliminating growth oscilla-
tions and slowing growth (Messerli and Robinson 2003).

Germination and pollen tube growth of N. tabacum
results in progressive medium acidification and total
growth inhibition. An increase of the buffering capacity
of the culture medium by MES buffer enhanced pollen
tube growth, e.g. as reported by Túpy and Rihova
(1984). In A. fasciata, MES buffer had a negative effect
on both pollen germination and tube length, even at the
optimal pH. At pH 7.1, the MGU migrated into the
pollen tube but callose plugs were never observed. MES
buffer was not appropriate to study the difference be-
tween a buffered and an unbuffered medium. Since A.
fasciata pollen germination and tube growth did not
result in strong acidification, with the consequent tube
growth inhibition, no further buffering molecules (with
fewer or no toxic effects) were studied.

Influence of sucrose and PEG 6000

In previous experiments, medium with 20% sucrose was
used (Vervaeke et al. 2004a, 2005). However, 10% su-
crose was superior, especially for pollen tube length and
number of callose plugs per pollen tube. The optimal
sucrose concentration differs for different species and is
in general higher for trinucleate species (>20%) than
for binucleate species (10–15%) (Shivanna 2003). In Zea
mays, 16% sucrose was optimal. When sucrose was
partly substituted by PEG, 10% sucrose and 6% PEG
6000 was optimal (Schreiber and Dresselhaus 2003).
PEG is a non-penetrating osmotic agent that decreases
the water potential of the culture medium. In pollen
grains, PEG is considered to regulate the permeability of
the plasma membrane and to give stability to the pollen

Table 5 Timing of pollen germination, pollen tube length, per-
centage of pollen tube with MGU, percentage of pollen tubes with
two sperm cells (of pollen tubes with a MGU), the distance of the
MGU from the pollen tube tip, the percentage of pollen tubes with
callose plugs, and the number of callose plugs per pollen tube on

modified Nitsch medium with 10% sucrose, pH 8.3 before auto-
claving, 1 mM Arg and 1.8±0.9 pollen grains per square milli-
meter. Values given are means ±SE. GN Generative nucleus, VN
vegetative nucleus

Time
(h)

Pollen
germination
(%)

Pollen tube
length (lm)

Percentage
of pollen tubes
with MGU

Percentage of
pollen tubes
with two sperm
cells (of pollen tubes
with MGU)

Distance of GN
or VN from pollen
tube tip (lm)

Percentage of
pollen tubes
with callose plugs

Number of
callose plugs
per pollen tube

0.5 0±0 0 0 0 –a 0 0
1 76±9 221±79 16±7 0 140±67 0 0
1.5 80±6 331±132 18±6 0 227±102 0 0
2 93±7 890±530 52±10 0 277±181 0 0
3 88±5 960±487 49±15 0 231±141 14±11 1.4±1.2
4 84±5 1,088±844 67±13 0 388±231 17±5 1.9±1.0
6 75±18 1,110±806 67±7 0 424±246 47±7 3.9±2.1
8 79±16 1,111±506 65±8 70±5 512±337 63±8 7.0±2.7
10 82±6 1,145±799 69±7 75±3 356±316 64±9 12.1±4.5
12 80±6 1,296±646 66±9 88±10 347±190 73±5 11.5±3.4
24 79±11 2,998±1,045 67±8 94±6 162±103 70±6 11.4±3.9
48 77±13 2,447±1,886 70±7 95±4 139±149 69±9 12.0±3.7

aNo observations
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tube membrane (Read et al. 1993b). In A. fasciata PEG
had no influence on pollen germination and pollen tube
length. Most pollen tubes had no MGU and no callose
plugs. This observation indicates that pollen tube
growth was independent of MGU migration and the
production of callose plugs. In general, the movement of
pollen tube organelles relies on cytoskeletal elements.
The microtubule (MT) cytoskeleton is required for the
proper transport of the VN and the GC from the pollen
grain to the tube tip (Cai et al. 1997; Laitiainen et al.
2002). The GC and VN migrate progressively through
the pollen tube, moving from the central part into the
apical zone only after prolonged growth (Pierson et al.
1990). The actin cytoskeleton is principally responsible
for cytoplasmic streaming and tube growth (Cai et al.
1997). It appears that MTs are not an absolute
requirement for pollen tube growth (Cai et al. 1997).
Our results also confirm that movement of the MGU
and pollen tube growth are autonomous processes.

Influence of Arg and number of pollen grains
per square millimeter

The phenomenon of density-dependent pollen germina-
tion and tube growth in vitro has long been well docu-
mented in many plant species and is termed the ‘pollen
population effect’ (Pasonen and Kapyla 1998; Chen
et al. 2000). Brewbaker and Majumder (1961) suggested
that it results from the presence of a diffusable, water-
soluble pollen growth factor in pollen grains and in plant
tissues. This factor was later proved to be the calcium
ion (Brewbaker and Kwack 1963). We could not confirm
the putative effect of pollen density on pollen germina-
tion, most probably because there was sufficient Ca
present in the germination medium [500 mg/l Ca(-
NO3)2Æ4H2O]. Chen et al. (2000) showed that phy-
tosulfokine-a (PSK- a) is a native bioactive factor
contributing to the pollen population effect. Exogenous
PSK-a stimulated pollen germination in a low density
pollen culture of N. tabacum. On medium without Arg, a
higher pollen density resulted in longer pollen tubes,
more division of the generative nucleus and more callose
plug synthesis. When Arg was added, the effect was seen
only for the production of callose plugs.

Vervaeke et al. (2005) previously reported that Arg as
single amino acid was the limiting factor for the occur-
rence of second pollen mitosis in pollen tubes of A.
fasciata cultured in vitro. The involvement of Arg is
probably related to protein synthesis. In this study we
found that addition of Arg also increased the number of
callose plugs.

Timing of the second pollen mitosis and
formation of callose plugs

In previous experiments, pollen germination, pollen tube
growth and timing of division of the generative nucleus

were studied on unautoclaved medium (pH 7.3) and
20% sucrose (Vervaeke et al. 2005). On this latter
medium, pollen germinated slower, growth rates were
lower, and tubes were shorter. The growth pattern also
differed: on medium with 20% sucrose, pollen tube
growth was logarithmic (Parton et al. 2002); on medium
with 10% sucrose, pollen tube growth rates were very
high at the start (1.1 mm/h), almost as fast as when
pollen tubes grow through a compatible style (2 mm/h,
Vervaeke et al. 2003). However, already 2 h after culti-
vation, during which time callose plugs were deposited
and the second pollen mitosis occurred, pollen tube
growth ceased. Between 12 h and 24 h, pollen tubes
extended again but no more callose plugs were pro-
duced. The first generative nuclei started to divide 8 h
after cultivation, as on medium with 20% sucrose
(Vervaeke et al. 2005). Therefore, we can conclude that
the timing of the second pollen mitosis is independent of
the sucrose concentration and of pollen tube growth
rate. Up to 10 h after germination pollen tubes of
N. tabacum contain a single generative nucleus (Read
et al. 1993a). In N. tabacum pollen tubes, a cross wall
consisting mainly of callose forms a plug in the subapical
part of the tube after about 6 h of growth in vitro. The
callose plug maintains living cytoplasm and the MGU in
the apical region of the tube. New callose plugs are
formed repeatedly during tube elongation in vivo and in
vitro. After 12 h there were 3.4±0.1 callose plugs in
N. tabacum pollen tubes (Laitiainen et al. 2002). In
A. fasciata more callose plugs (11.5±3.4) were formed
after 12 h. In Petunia inflata callose plugs were seen in
50% or more of the tubes cultured for at least 8 h in
vitro. In general, the division of the generative nucleus
coincides with callose plug deposition (Lubliner et al.
2003). In A. fasciata, callose plugs were deposited 5 h
earlier than the division of the generative nucleus.

Conclusions

Pollen germination, pollen tube growth rate, maximal
pollen tube length in vitro, division of the generative
nucleus, and formation of callose plugs are basically
different processes that occur in pollen tubes cultured on
artificial medium and in vivo. These processes are
influenced by different external factors in vitro. Pollen
tubes grown in vitro lack the biochemical, physiological
and physical environment of the pistil, and possible
interactions with adjacently growing pollen tubes (de
Graaf et al. 2001). Pistil transmitting tract cells secrete
free sugars, glycolipids, glycoproteins, polysaccharides,
lipids, and proteins into the extracellular matrix, pro-
viding the nutrients and resources that support rapid
growth of pollen tubes after the materials stored within
the pollen grain are exhausted (Swanson et al. 2004). In
vitro, pH, sucrose concentration and the presence of
1 mM Arg influences pollen tube growth rate. Medium
composition also influenced division of the generative
nucleus and callose deposition, two events necessary to
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produce a pollen tube with the competence to achieve
double fertilisation. In A. fasciata callose plugs were
never observed in pollen tubes in vitro without a MGU
(±30% of total number of pollen tubes). These pollen
tubes are neither functional nor are they able to fertilise
ovules.

The sequence of events that we found in pollen tubes
cultured in vitro most probably also occurs during in
vivo pollen tube growth. Lubliner et al. (2003) stated
that callose plugs are deposited by default and that
division of the GC in vitro is triggered if basic nutri-
tional requirements are met. pH, sucrose and Arg af-
fected both the second pollen mitosis and the formation
of callose plugs. Therefore, A. fasciata pollen tubes
cultured on artificial medium can undergo pollen growth
transition if favourable external factors are present.
However, there are still differences as regards in vivo
grown pollen tubes, as plasmatubules and secretory
vesicle clusters are present in the tip of pollen tubes
growing in vivo (Derksen et al. 2002).

Laitiainen et al. (2002) declared that the movement of
the GC and the VN is independent of the synthesis of
callose plugs in vitro. The role of the cytoskeleton in
callose plug synthesis is currently unknown. Although
VN and GC transport precedes synthesis of callose plugs
during normal pollen development, it seems that callose
plug synthesis requires an intact MT cytoskeleton. The
absence of an MT cytoskeleton also reduced the number
of callose plugs synthesised in N. tabacum pollen tubes
(Laitiainen et al. 2002). Our results indicate that move-
ment of the generative nucleus and, subsequently, cal-
lose plug synthesis can be inhibited by a commonly used
medium supplement like PEG without any influence on
pollen germination or pollen tube length. Furthermore,
we found a correlation between the occurrence of the
second pollen mitosis (presence of two sperm cells) and
percent of pollen tubes with callose plugs (R2: 0.74).
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