
Abstract Pollen germination and tube elongation in Pi-
nus monticola are accompanied by RNA and protein
synthesis as shown by the effects of inhibitors such as
actinomycin D and cycloheximide, respectively. Pollen
grains germinate in the presence of actinomycin D, but
further tube elongation is inhibited. This suggests that
RNAs needed for germination are already available in
the mature ungerminated pollen, but continued tube
elongation depends on the synthesis of new RNAs. 
Using cycloheximide, our results indicate that some pro-
teins essential for germination and tube elongation are
not yet available in the mature ungerminated pollen. In
P. monticola, it appears that these proteins are synthe-
sized at the onset of pollen germination and during tube
elongation. The effects of inhibiting transcription and
translation in eight other conifers are the same as in 
P. monticola, suggesting a common trend. In P. monti-
cola, profiles of pollen grains and pollen tubes varied in
the expression of at least ten proteins. Based on the 
stages examined, the protein profiles of 2-day-old tubes 
appear to be the most variable with some proteins in-
creasing or decreasing in intensity only at this stage. In
P. monticola, four proteins (26, 27, 38 and 40 kDa) are
differentially expressed during pollen tube development.
The most notable is a 26-kDa protein which is specifical-
ly expressed in pollen tubes. It is possible that this pro-
tein controls a function unique to pollen tubes. This re-
port adds to our knowledge of the regulation of pollen

tubes development in conifers. It also offers insights on
why development of pollen tubes in conifers takes much
longer than in flowering plants.
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Introduction

One of the remarkable features about the reproductive
biology of pines is the prolonged growth of pollen tubes.
Pine pollen grains germinate on the nucellus and produce
a tube that ceases growth and becomes dormant for sev-
eral months while not even halfway through the nucel-
lus. Tube elongation resumes in springtime, traverses the
rest of the nucellus, and eventually discharges its con-
tents into the egg cytoplasm. From pollination to fertili-
zation, growth of pine pollen tubes spans approximately
15 months (Chamberlain 1935). In spite of this peculiar
type of growth, there is very limited information about
the regulation of pollen germination and tube elongation
in conifers. At the biochemical level, only two studies
have been published and these include descriptions of
RNA synthesis in generative and tube nuclei in Pinus
ponderosa (Young and Stanley 1963), and RNA and pro-
tein synthesis in germinating P. taeda pollen (Frankis
1990).

Our knowledge of the regulation of pollen tube devel-
opment at the biochemical level is essentially confined
to flowering plants. Reports show extreme variation in
pollen germination between species if transcription and
translation are arrested (Mascarenhas 1971; Franke et al.
1972; Shivanna et al. 1974a, b; Mascarenhas 1975, 1978;
Whipple and Mascarenhas 1978; Hoesktra and Bruinsma
1979; Bednarska 1992; Chibi et al. 1994). In addition,
these studies have established the effects of inhibitors
such as actinomycin D and cycloheximide which control
RNA and protein synthesis, respectively. Based on most
of the flowering plants studied, Mascarenhas (1993) con-
cluded that the RNAs required for germination and early
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tube elongation are already present in the pollen grains 
at anther dehiscence. The same is true for the proteins
that are needed for pollen germination (Shivanna et al.
1974a; Mascarenhas 1993; Chibi et al. 1994). It appears
that in flowering plants, synthesis of new proteins is re-
quired only for growth of pollen tubes after germination.
Many of the proteins present in the mature ungerminated
pollen grains are similar to those found in pollen tubes,
but their concentration varies from one stage to another
(Mascarenhas et al. 1984; Capkova et al. 1987; Frankis
1990). In spite of the appearance of a large number of
proteins coincident with pollen germination (Mascarenhas
and Mermelstein 1981), only a few proteins have so far
been reported to be associated with pollen tube growth
(Capkova et al. 1987, 1988, 1994; Tupy et al. 1992;
Storchova et al. 1994; Wittink et al. 2000).

Using P. monticola, we correlated RNA and protein
synthesis with in vitro pollen germination and tube elon-
gation using actinomycin D and cycloheximide, respec-
tively. We also compared the proteins found in mature
ungerminated pollen with those of pollen tubes grown
for up to 15 days in culture. We believe that new proteins
are synthesized in association with pollen tube develop-
ment. The effects of inhibitors on pollen germination in
eight other conifers were also examined.

Materials and methods

Plant material

Pollen cones of P. monticola were collected from the Saanich
Seed Orchard, Saanichton, British Columbia. Pollen grains of 
Cedrus deodara, Picea orientalis and Pinus aristata were collect-
ed from the University of Victoria, Victoria, British Columbia.
Pollen grains of Abies amabilis, Picea sitchensis and Pinus con-
torta were obtained from Mount Newton Seed Orchard, Saanich-
ton, British Columbia. Pollen grains of Pinus griffithii were ob-
tained from the Institute of Forest Genetics, Placerville, Califor-
nia. Pollen grains of Pinus lambertiana were obtained from the
Dorena Tree Improvement Center, Cottage Grove, Oregon.

Collection of sterile pollen grains

Pollen cones of P. monticola were collected 1–3 days before de-
hiscence and surface sterilized by washing with freshly prepared
70% ethyl alcohol, sterile distilled water, and 1% sodium hypo-
chlorite for 30 s each step. They were then rinsed three times with
sterile distilled water for 10 s each step. The pollen cones were
blotted dry on sterile paper towels and left in sterile petri dishes
for 48–72 h. Petri dish covers were replaced with sterile filter pa-
pers and fastened with rubber bands to ensure sterility during dry-
ing and shedding of pollen grains. Dried sterile pollen grains were
collected and stored in sterile vials at 4°C.

Media composition and culture conditions

Pollen grains were grown on a germination medium containing
100 µg/ml H3BO3, 300 µg/ml Ca(NO3)2, 145 mM sucrose and
0.4% phytagel; the pH was adjusted to 5.8 (Fernando et al. 1998).
Cultures were incubated in the dark at 27°C. Actinomycin D and
cycloheximide (Sigma Chemicals) were dissolved in 1% di-
methylsulfoxide (DMSO). Four concentrations (5, 10, 25 and 
50 µg/ml) of each of the inhibitors were prepared. The inhibitors

were added to autoclaved media prior to pouring into plates. The
controls used in pollen germination and tube elongation experi-
ments contained 1% DMSO.

Initial experiments were done to establish that the DMSO con-
centration used in this study had no significant effect on pollen
germination or tube elongation. The effect of actinomycin D at 
60 µg/ml was also tested (data not shown) and the effect on pollen
tube growth was similar to the other four concentrations used in
this study and to the report of Frankis (1990). Pollen was consid-
ered germinated when the length of the pollen tube was equal to or
greater than the diameter of the pollen grain. For P. monticola, the
diameter of the pollen grain is approximately 65 µm.

Protein extraction

Pollen grains and tubes of P. monticola were prepared according
to Fernando et al. (2000). The protein extraction buffer included
65 mM Tris, 1% sodium dodecyl sulfate, 5% glycerol and 2.5% 
β-mercaptoethanol at pH 6.8. Samples were collected in a sterile
microtube containing 250 µl extraction buffer. The suspension was
vortexed at high speed for 2 min, boiled for 5 min and frozen at
–80°C for 1 h. The suspension was thawed, boiled for 5 min and
centrifuged at 14,000×g for 30 min. The supernatant was carefully
transferred into a new microtube. The protein extract was stored at
4°C until use. Proteins were extracted from pollen tubes at various
stages of development, as well as from ungerminated pollen grains
taken directly from pollen cones and grown on medium with 
10 µg/ml cycloheximide.

Protein quantification

The concentration of proteins was determined according to
Ekramoddoullah and Davidson (1995). Briefly, the protein suspen-
sion and BSA standard were spotted on a polyvinylidene difluo-
ride membrane (Immobilon-P, Millipore Canada, Toronto). The
membrane was stained with 0.1% Coomassie blue R-250 (Bio-
Rad) in 50% methanol for 8 min and then destained in 50% 
methanol containing 10% acetic acid for 8 min at room tempera-
ture. The membrane was rinsed with distilled water for 10 min.
The stained membrane was scanned using a PDI 420oe scanning
densitometer (Protein+dna imageWare systems, Huntington Sta-
tion, N.Y.) interfaced with a personal computer. Scanning, detec-
tion, and quantification were performed according to the instruc-
tion manual.

One-dimensional gel electrophoresis

SDS-PAGE was carried out using a Protean II xi System 
(Bio-Rad) with 1.5 mm thick 12% gel and Laemmli buffer system
(Laemmli 1970). A sample volume of 25 µl containing 4 µg pro-
tein was applied in each well. Low molecular mass standard 
markers (14.4–97.4 kDa, Bio-Rad) were used to calibrate the gel.
The gels were stained with silver (Hochstrasser et al. 1988).

Analysis of data

Percentage pollen germination was determined by counting the
number of pollen grains showing signs of tube emergence and di-
viding by the total number of pollen grains examined. The number
of pollen grains examined was approximately 500 for each treat-
ment/species; each treatment was replicated three times. One-way
ANOVA procedures were performed and differences detected with
Tukey’s honestly significant test using SPSS (SPSS Inc. 1995).
This statistical tool was also used to calculate the mean, range and
standard error.
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Results

Effect of cycloheximide on pollen germination 
and tube elongation

Pollen grains of P. monticola were cultured on media
supplemented with various concentrations of cyclohex-
imide (Table 1). After 1-day incubation, a slight indica-
tion of pollen tube emergence was evident on medium
supplemented with 5 µg/ml cycloheximide. Since the
length of pollen tubes was less than the diameter of the
pollen grains, these were considered ungerminated.
Compared to the control, the length of pollen tubes 
treated with 5 µg/ml cycloheximide was significantly
shorter, while germination on media supplemented with
10, 25 or 50 µg/ml cycloheximide was completely inhib-
ited (Table 1). No change in the length of pollen tubes
was observed after 7-day incubation on all media supple-
mented with cycloheximide. In P. monticola, a concen-
tration of 10 µg/ml cycloheximide completely inhibited
pollen germination.

To determine whether the effect of cycloheximide
was reversible, pollen grains were cultured on medium
supplemented with 10 µg/ml cycloheximide for 2, 4 and
6 days, and then transferred onto cycloheximide-free me-
dium (Fig. 1). Our results show that pollen grains previ-
ously treated with 10 µg/ml cycloheximide for 2 and 4
days not only germinated when transferred onto cyclo-
heximide-free medium, but the pollen tubes continued to
elongate. Pollen grains previously treated with 10 µg/ml
cycloheximide for 6 days did not germinate even 
after 7-day incubation on cycloheximide-free medium. It 
appeared that pollen grains exposed for up to 4 days to
10 µg/ml cycloheximide were still viable, while exposure
for 6 days rendered the pollen grains nonviable.

To examine whether the effect of cycloheximide was
specific to a certain stage in pollen tube development,
pollen tubes were allowed to elongate on cycloheximide-
free medium for 1–15 days (Table 2). Length of pollen
tubes was measured before they were transferred onto
medium containing 10 µg/ml cycloheximide (Table 2).
After 7-day incubation, no difference in tube length was
observed in all stages examined. Our results indicate that
pollen tube elongation in P. monticola was completely

arrested by 10 µg/ml cycloheximide irrespective of tube
length or the number of days that pollen tubes had been
growing in culture.

Effects of actinomycin D on pollen germination 
and tube elongation

Pollen grains of P. monticola were cultured on media
supplemented with various concentrations of actinomy-
cin D (Table 3). After 1-day incubation, pollen grains
germinated on all the concentrations examined. No sig-
nificant difference in percentage germination was ob-
served between concentrations, but length of pollen
tubes in all media supplemented with actinomycin D was
significantly shorter than the control tubes (Table 3). In
fact, length of pollen tubes on 5 µg/ml actinomycin D
was less than half of that of the control. After 10- and
15-day incubation, elongation of pollen tubes was se-
verely retarded on all media containing actinomycin D.
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Table 1 Effects of various concentrations of cycloheximide on
pollen germination in P. monticola. Mean values followed by dif-
ferent letters indicate significant difference (α=0.05)

Cycloheximide Percent Germination Tube length (µm)
(µg/ml) Mean (range)

One day in Seven days
culture in culture
Mean (SE) Mean (SE)

0 90 (80–98) 70a (±5) 365a (±43)
5 0 30b (±10) 30b (±10)

10 0 0 0
25 0 0 0
50 0 0 0

Fig. 1 The effects of growing pollen tubes of P. monticola on 
10 µg/ml cycloheximide for 2–6 days and then transferring onto
cycloheximide-free medium

Table 2 Effect of cycloheximide on pollen tube elongation in P.
monticola grown initially on cycloheximide-free medium and then
transferred onto medium with cycloheximide

Number of days on pollen Tube length (µm) after 1-day incubation
germination medium on cycloheximide-free medium

Mean (range)

1 70 (65–88)
2 120 (75–163)
3 190 (113–250)
5 300 (200–375)

10 440 (325–550)
15 600 (463–800)



Although significantly shorter than the control, pollen
tubes of P. monticola grown with actinomycin D at vari-
ous concentrations continued to elongate slowly through-
out the duration of the experiment. It appeared that the
effect of actinomycin D was on inhibition of pollen tube
elongation, starting very early during pollen tube devel-
opment. In spite of the more severe inhibition seen after
15 days in culture, tube elongation was never completely
arrested (Table 3).

Effects of cycloheximide and actinomycin D on pollen
germination in other conifers

Pollen grains of eight other species of conifers belonging
to four different genera were cultured on media supple-
mented with 10, 25 and 50 µg/ml cycloheximide 
(Table 4). Germination in all species examined was com-
pletely blocked in all three concentrations of cyclohex-
imide. These results were similar to the response of 
P. monticola on cycloheximide. Using 5, 10, 25 and 
50 µg/ml actinomycin D, germination also occurred in
all the species examined; this is similar to the effect ex-
hibited by P. monticola (Table 4). It appeared that the ef-
fects of cycloheximide and actinomycin D were not spe-
cific to P. monticola, but rather common to the conifers
examined.

Protein profiles of ungerminated pollen and pollen tubes

Although there is general similarity in the protein pro-
files of P. monticola pollen grains and tubes grown for
up to 15 days in culture, a few of the proteins showed
expression unique to pollen tube development (Fig. 2).
The control lane represents the proteins from ungermi-
nated pollen grains taken directly from pollen cones. No
difference in protein profiles was observed when com-
pared with ungerminated pollen grains grown on medi-
um with 10 µg/ml cycloheximide (data not shown). At
least ten of the proteins showed differences and the most
notable was a 26-kDa protein that was expressed in all
pollen tubes examined, but not in mature ungerminated
pollen. Another protein, which was preferentially ex-
pressed in the pollen tube, was a 27-kDa protein; it was
found only starting in 5-day old tubes and then it became
faint in 15-day old tubes. A 28-kDa protein was found in
ungerminated pollen and 2-day-old tubes but its intensity
gradually declined until it was no longer detected in 
15-day-old tubes. Of the proteins common to all the
stages examined, two proteins (34 and 44 kDa) appeared
most intense in 2-day-old tubes and four other proteins
(38, 40, 46 and 48 kDa) were distinctly less intense in 
2-day-old tubes. Two proteins (38 and 40 kDa) became
most intense in 15-day-old pollen tubes. A 42 kDa pro-
tein appeared intense in ungerminated pollen, but be-
came drastically less intense as the tubes developed.

Discussion

Pollen grains of P. monticola and the other eight conifers
examined in this study are completely inhibited from
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Table 3 Effects of actinomycin D on pollen germination and tube
elongation in P. monticola. Mean values followed by the same let-
ter do not differ significantly (α=0.05)

Actinomycin Percent Tube length (µm)
D (µg/ml) Germination

Mean (SE) 5 days 10 days 15 days
Mean (SE) Mean (SE) Mean (SE)

0 87a (±9.78) 300a (±41) 440a (±45) 600a (±50)
5 85a (±9.80) 141b (±29) 206b (±39) 290b (±40)

10 87a (±8.42) 138b (±35) 155b (±17) 196b (±22)
25 78a (±9.55) 99c (±25) 126c (±19) 165c (±29)
50 80a (±7.05) 86c (±34) 120c (±34) 164c (±42)

Table 4 Effects of cycloheximide and actinomycin D on pollen
germination (+ is germinated, – is no germination) in eight coni-
fers belonging to four genera

Species Cycloheximide (µg/ml) Actinomycin D (µg/ml)

0 10 25 50 0 5 10 25 50

Abies amabilis + – – – + + + + +
Cedrus deodara + – – – + + + + +
Picea orientalis + – – – + + + + +
Picea sitchensis + – – – + + + + +
Pinus aristata + – – – + + + + +
Pinus contorta + – – – + + + + +
Pinus griffithii + – – – + + + + +
Pinus lambertiana + – – – + + + + +

Fig. 2 Protein profiles of Pinus monticola pollen tubes at 2, 5, 10
and 15 days after one-dimensional gel electrophoresis. The molec-
ular weights are in kDa. c Control (ungerminated pollen)



germinating when protein synthesis is blocked. Blocking
protein synthesis also completely inhibits pollen tube
elongation in germinated pollen grains of P. monticola.
These results suggest that the mature ungerminated pol-
len grains of conifers do not yet contain the proteins that
are required to initiate germination, and the proteins syn-
thesized during germination are not sufficient to sustain
continuous tube elongation. It appears that de novo pro-
tein synthesis is actively occurring during pollen germi-
nation and tube elongation, and is essential for continued
tube growth. Our results are supported by the work of
Frankis (1990) who showed that in P. taeda, proteins are
synthesized at different times during germination and
early tube growth. The timing of protein synthesis in co-
nifers differs from that reported from flowering plants
where the mature ungerminated pollen grains already
contain all the proteins required for germination and ear-
ly tube elongation (Mascarenhas 1993). In this regard, it
appears that conifer pollen grains and tubes behave dif-
ferently from those of flowering plants. This implies that
once conifer pollen grains reach the nucellus, they still
have to produce new proteins before germination can
proceed. Furthermore, synthesis of new proteins has to
occur continuously throughout the process of pollen tube
elongation. Our results contribute to our understanding
about why pollen tube development in conifers lags be-
hind that of their phylogenetically advanced relatives,
the flowering plants.

Pollen germination in P. monticola and the eight other
conifers examined is not arrested when transcription is
blocked. In P. monticola, the effect of blocking transcrip-
tion is manifested by the slowing down of pollen tube
elongation. Frankis (1990) showed that in P. taeda,
blocking RNA synthesis with actinomycin D inhibits tube
elongation after as early as 12 h, and the inhibition be-
comes more prominent after 2 days. We have grown pol-
len tubes of P. monticola with actinomycin D for up to 15
days and our results support the report of Frankis (1990).
It appears that the effect of blocking transcription during
germination is expressed immediately and maintained for
at least 15 days. This means that the RNAs available in
mature ungerminated pollen are not sufficient to sustain
the normal rate of tube elongation, even at an early stage
of pollen tube development. Blocking transcription in co-
nifers appears to have the same effect as in most flower-
ing plants (Mascarenhas 1993).

It appears that conifer pollen grains already contain
the RNAs necessary for pollen germination. However, it
is important that synthesis of new RNAs occurs continu-
ously during and after pollen germination; otherwise pol-
len tubes are inhibited from elongating at a rate similar
to the control. In P. taeda, Frankis (1990) attributed the
severely retarded pollen tube growth in the presence of
actinomycin D to the lack of RNAs essential for normal
tube growth. In pines, the generative and tube nuclei
have been shown to be active in synthesizing RNAs at a
very early stage of pollen germination and the RNAs
synthesized have been identified as rRNAs (Young and
Stanley 1963; Frankis 1990).

In P. monticola, many of the proteins present in the
mature ungerminated pollen grains are similar to those
found in pollen tubes. Our results support the general ob-
servation that there is a close similarity between different
stages of pollen tube development (Mascarenhas et al.
1984; Capkova et al. 1987; Frankis 1990). Mascarenhas
(1993) suggested that a large number of genes expressed
in pollen grains have functions in tube growth. In 
P. monticola, variation in the expression of genes at the
protein level is evident in at least ten of the polypeptides.
The 28-kDa protein which is found in ungerminated pol-
len and 2-day-old tubes but disappears in later stages is
probably essential only during germination and early
tube growth. The appearance of a 27-kDa protein in pol-
len tubes is coincident with the occurrence of pollen tube
branches. It has been observed that pine pollen tubes
branch after being in culture for 5 days (Fernando et al.
1997).

The major biochemical processes that occur during
pollen tube development include formation of the com-
ponents of internal and plasma membranes, and the pol-
len tube wall. It is possible that some of the proteins syn-
thesized during pollen germination and tube elongation
in P. monticola are utilized in these processes. In Nico-
tiana tabacum, Capkova et al. (1987) reported that a 
65-kDa protein specifically expressed during pollen tube
growth plays an important role in pollen tube wall for-
mation. A 69-kDa glycoprotein associated with the 
vegetative membranes and cell wall has been shown to
increase in concentration during pollen tube growth
(Wittink et al. 2000). If there is a protein in P. monticola
that can be correlated with tube wall formation, it might
be either of the two proteins (38 and 40 kDa) that in-
crease proportionately with time in culture or predomi-
nate in later stages. Since these two proteins decrease in
concentration in 2-day-old tubes, it is possible that they
are utilized during germination and then synthesized
again during pollen tube development. At least four pro-
teins (26, 27, 38 and 40 kDa) are differentially expressed
during pollen tube development and are probably essen-
tial for pollen tube growth.

Based on all the stages examined, the protein profiles
of 2-day-old tubes appear to be the most variable in 
P. monticola. The proteins that are less intense in 2-day-
old tubes are probably used up during germination and
early tube elongation, while those that are more intense
are probably needed during pollen tube growth. Two
proteins intensify in 2-day-old tubes, but the most in-
tense is the 34 kDa protein. This protein might be similar
to the 36-kDa protein that predominates in 2-day-old
tubes in P. taeda as described by Frankis (1990).

So far, no protein unique to pollen tubes has been de-
scribed in any conifer. In this paper, we report a 26-kDa
protein that is specifically expressed in pollen tubes at
several stages during culture, but not in the mature un-
germinated pollen. The preferential synthesis of this pro-
tein and its accumulation in pollen tubes suggest that it
may be important for pollen tube growth in P. monticola.
Further study is needed to establish the unique occur-
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rence of this protein in pine pollen tubes. In flowering
plants, a few proteins have been described to be specifi-
cally expressed in pollen tubes, and these include the 
66 and 69 kDa proteins in Nicotiana tabacum (Capkova
et al. 1987, 1988, 1994; Tupy et al. 1992; Storchova 
et al. 1994). Recently, Wittink et al. (2000) reported that
the 69-kDa protein appears to be identical to the glyco-
protein NTP303 which is expressed in pollen grains of
N. tabacum.

We have described some of the proteins present in 
P. monticola during in vitro pollen tube development.
These proteins might be important in the regulation of
pollen germination and tube elongation, but there is no
information as to the specific identity and function of
any of these proteins. In spite of the amount of work in
flowering plants, no gene uniquely associated with pol-
len germination or tube growth has yet been identified
(Mascarenhas 1993; Taylor and Hepler 1997). According
to Mascarenhas (1993), the successful isolation of genes
expressed specifically in the pollen tube would provide
conclusive evidence of a unique genetic program during
pollen tube development. Since many of the mRNAs
might already be present in mature conifer pollen grains,
a cDNA library coupled with differential screening
would be the logical approach to isolate the genes in-
volved in this stage of male gametophyte development.
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Cǎpková V, Zbrožek J, Tupy J (1994) Protein synthesis in tobacco
pollen tubes: preferential synthesis of cell-wall 69-kDa and
66-kDa glycoproteins. Sex Plant Reprod 7:57–66

Chamberlain CJ (1935) Gymnosperms. Dover, New York
Chibi F, Matilla AJ, Angosto T, Garrido D (1994) Changes in

polyamine synthesis during anther development and pollen
germination in tobacco (Nicotiana tabacum). Physiol Plant
92:61–68

Ekramoddoullah AKM, Davidson JJ (1995) A method for the de-
termination of conifer foliage protein extracted using sodium
dodecyl sulfate (SDS) and mercaptoethanol. Phytochem Ana-
lysis 6:20–24

Fernando DD, Owens JN, Aderkas P von (1998) In vitro fertiliza-
tion from co-cultured pollen tubes and female gametophytes


