
Tree Genetics & Genomes (2005) 1: 143–150
DOI 10.1007/s11295-005-0015-z

ORIGINAL PAPER

Danilo D. Fernando . Sally M. Long .
Richard A. Sniezko

Sexual reproduction and crossing barriers in white pines:
the case between Pinus lambertiana (sugar pine) and P.
monticola (western white pine)

Received: 24 May 2005 / Revised: 26 August 2005 / Accepted: 6 September 2005 / Published online: 10 November 2005
# Springer-Verlag 2005

Abstract The sexual reproductive process in Pinus lam-
bertiana has not been completely described, and previous
attempts to generate hybrids with Pinus monticola and
other North American pines have not been successful. The
nature of incompatibility barriers between P. lambertiana
and P. monticola is unknown. This needs to be understood
if strategies are to be developed to overcome the said bar-
riers. In this paper, development on interspecific crosses is
compared with that on intraspecific crosses on the same
parent trees. Pollen grains of both species germinated on
the nucellus of both species within a week after pollination.
Seed cone receptivity in P. lambertiana came approximate-
ly 2 weeks after receptivity in P. monticola, and this delay
was perpetuated throughout ovule development in the first
year of the reproductive process. Development of the sec-
ond-year seed cones proceeded more gradually in P. lam-
bertiana. However, seed cones reached maturity only for P.
monticola x P. lambertiana. In both crosses, the barriers to
hybridization occurred during the second year of the repro-
ductive process. With the P. lambertiana as the seed parent,
it was manifested through the failure of the megaspores at
the free-nuclear stage to resume development. When P.
monticola was used as the seed parent, the male and female
gametes failed to fuse. Our results clearly show that the
barriers to hybridization in these species occur before or at
fertilization. However, the exact mechanisms behind these

are still unknown. Based on the results of this study, we
present several strategies to bypass the developmental
barriers and possibly produce hybrid progenies.
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Introduction

A considerable amount of information is available con-
cerning interspecific hybridization in pines, and numerous
examples of naturally occurring hybrids, as well as artificial
hybrids, are available [2, 6, 22, 38]. In fact, interspecific
hybridization has been explored more intensively in pines
than in any other group of plants. Within the genus Pinus,
the five-needle white pines (subgenus strobus) are highly
desirable because of their fast growth rate, excellent wood
qualities, extensive arboretum collections, and evident need
for genetic improvement, especially for rust resistance. The
five-needle white pines are also relatively easy to cross with
each other with the exception ofPinus lambertianaDouglas
(sugar pine). P. lambertiana is both an important compo-
nent of ecosystems in California and Oregon and a valuable
timber species. All efforts to cross this species with P.
monticolaDouglas exD. Don (western white pine) andwith
other North American white pines, as well as with other
North American pines have failed [10, 47]. On the other
hand, P. lambertiana has been successfully crossed with
two east Asian white pines, Pinus armandii Franchet and
Pinus koraiensis Siebold & Zuccarini [7–11, 43].

All nine North American white pines are susceptible to
blister rust, a disease caused by the introduced pathogen
Cronartium ribicola J.C. Fischer. There are active resis-
tance breeding programs for P. lambertiana, P. monticola,
and Pinus strobus that concern all nine species [40]. Natu-
ral resistance in these species is rare, and the number of
resistance mechanisms is unknown. For most breeding
programs, current emphasis is on intraspecific variation,
but options to hybridize white pines may be necessary if
insufficient resistance exists within a species. In fact, due to
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the low levels of resistance found in P. strobus, the merits
of hybrid breeding involving P. strobus and other white
pine species are currently being weighed in Canada (Pengxin
Lu, personal communication). Because P. lambertiana is a
source of a major gene for resistance [23–26] and the
durability of resistance in this species to white pine blister
rust is unknown, the study of its reproductive biology
deserves our attention. In addition, the developmental basis
of the incompatibility barriers in crosses involving this
species is still unknown. This needs to be understood if
strategies are to be developed to overcome the barriers and
to take advantage of the genetic potentials locked in P.
lambertiana.

Prior research has shown that there may be differences
between hard and soft pines in the stage where incompati-
bilities occur in interspecific hybrids. In hard pines [4, 5, 18,
19, 35], pollen grains from one species can usually germinate
on the nucellus of another species but are unable to penetrate
it. It has been reported that the nucellus wards off the ger-
minating pollen and prevents it from growing any further.
Only in the Pinus elliottii x Pinus nigra cross has it been
observed that pollen grains are unable to germinate on the
nucellus [35]. Therefore, in hard pines, irrespective of the
stage when pollen growth is arrested on the nucellus, the type
of incompatibility is still manifested prior to fertilization.

In 1944, Buchholz also introduced the idea that in some
soft pines, the crossing barriers took place at or immedi-
ately following fertilization. [17] and [29–31] conducted
various crosses and concluded that in soft pines, the in-
ability to produce hybrids is due to incompatibility barriers
that are manifested after fertilization, such as the failure of
the proembryos to continue development or the inviability
of the mature embryos.

Despite the apparent contrasting scenarios of hybrid
failures in hard and soft pines, we believe that generali-
zations cannot be made because the developmental basis of
the barriers have been examined in only a few crosses in
these groups of pines. Unfortunately, no developmental
study has been done recently to clarify our understanding
of the nature of reproductive barriers in pines. The objec-
tives of this study are to characterize the sexual reproduc-
tive process in P. lambertiana and to determine the nature
of crossing barriers between P. lambertiana and P. monti-
cola using histological analysis. The results of this study
will further our understanding of the reproductive biology
of P. lambertiana and expand our knowledge of the cros-
sing barriers in soft or white pines.

Materials and methods

Study site, sources of pollen, and pollination

Pollinations were conducted in seed orchards at the Dorena
Genetic Resource Center, Cottage Grove, OR from May to
June of 2003 and 2004. P. lambertiana and P. monticola
were used in this study. Developing seed cones of both
species were bagged, before or just as they began recep-
tivity. Thirty receptive P. monticola seed cones (from tree

3141) were pollinated with a mixed lot of P. lambertiana
pollen grains. The reciprocal cross was made 2 weeks after
because of the delay in the receptivity of the P. lambertiana
seed cones. Thirty receptive P. lambertiana seed cones
(from tree 4608) were pollinated with a mixed lot of P.
monticola pollen grains. For the controls, intraspecific pol-
linations were conducted on 30 P. monticola and 24 P.
lambertiana seed cones using the same mixed pollen lots
used in the corresponding interspecific crosses. The pol-
lination bags were removed after 3 weeks. In all the crosses,
the species used as the seed parent was always written first
and followed by the species used as the pollen donor; this
applies to all discussions regarding this in the paper.

One-year-old P. lambertiana and P. monticola pollen
grains that were stored in a freezer (at −20°C) were used in
the pollinations. The mixed pollen lots contained pollen
grains from three different individuals. The viabilities of the
mixed pollen lots of P. lambertiana and P. monticola were
about 95 and 94%, respectively. The pollen viability test used
was the aqueous method, where a small amount of pollen
(the size of a match head on a spatula) is put into a 5-mm
test tube containing 1.5% sucrose solution (w/v). The sam-
pling was placed on a shaker in a growth chamber with the
following regimen: 12 h lights on at 22°C, then 12 h lights
off at 20°C for 48 h. The samples were mounted on a slide,
and the number of germinated and ungerminated pollen
grains was determined from 100 counts. This was done five
times, and the averaged percentage viability was determined.

Histological analysis

Collections of first-year P. lambertiana and P. monticola
seed cones were done weekly for seven consecutive weeks
starting from pollination. Collections of second-year seed
cones were done biweekly for four consecutive times (from
the first week of April through July 2003). Two seed cones
were collected per cross. Immediately upon collection, the
seed cones were packed in a Styrofoam box containing ice
and sent through an overnight delivery service to the De-
partment of Environmental and Forest Biology, State Uni-
versity of New York College of Environmental Science and
Forestry, Syracuse, NY 13210. Immediately upon arrival,
25 randomly chosen cone scales per cross were dissected
out from along the middle portion of the cones. This was
done to avoid the high rates of abortion typically associated
with the ovules in the apical and basal parts of the cone.
The samples were fixed in 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (Electron Microscopy Sciences,
Pennsylvania). These were rinsed in cacodylate buffer, de-
hydrated by passing through a graded series of ethanol,
transferred gradually into isopropanol, and infiltrated with
melted paraffin. Thin sections (approximately 10 μm) were
cut using a rotary microtome, mounted on slides and stained
with Toluidine Blue O [39].

The sections were examined using a Leica DMLB
compound microscope. Representative photomicrographs
were taken using a digital camera (Optronics, California).
Photomicrographs were taken mostly from the P. lamberti-
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ana × P. lambertiana cross, and a few were taken from the
P. monticola × P. lambertiana cross. The readers are refer-
red to the papers of [3, 37], and [36] for illustrations on the
reproductive biology of P. monticola.

Seed viability test

Eleven fully matured seed cones from the P. monticola × P.
lambertiana cross yielded 1,596 seeds. These seeds were
manually extracted and examined, and their viabilities were
determined through x-ray analysis following the protocol
of [1]. Seeds from controlled pollinations (P. monticola × P.
monticola and P. lambertiana × P. lambertiana) were also
collected and analyzed as above.

Results

First-year cones

Histological analysis of weekly samples showed that P.
monticola and P. lambertiana pollen grains have germi-

nated on the nucellus of P. monticola ovules 1 week after
pollination. The receptivity of P. monticola seed cones oc-
curred around the first week of June, which was 2 weeks
earlier than that of P. lambertiana seed cones. In the P.
lambertiana × P. lambertiana and P. lambertiana × P.
monticola crosses, pollen grains from both species have
also germinated on the nucellus 1 week after pollination
(Fig. 1). At this stage, the ovules in all the four crosses were
at the megaspore mother cell stage (Fig. 2), undergoing
meiosis, or at the functional megaspore stage (Fig. 3).

Two weeks after pollination, the pollen tubes in all four
crosses have elongated to about one third of the length of the
nucellus. Analysis of the more advanced seed cones (repre-
senting stages 3 to 7 weeks from pollination) showed that
the pollen tubes gradually enlarged but remained in this
position for the rest of the year (Fig. 4). Branching of the
pollen tubes was observed from both crosses involving P.
lambertiana pollen (Fig. 4). In addition, at this stage, the
generative cells and vegetative nuclei have moved out of the
pollen grains and occupied the pollen tubes. The ovules in
all crosses were mostly at the functional megaspore stage.

Three weeks after pollination, the functional megaspores
in all crosses have undergone initial free-nuclear divisions

Figs. 1-6 Reproductive stages in the P. lambertiana ovules crossed
with P. lambertiana pollen grains on the first year of seed cone
development. 1. Pollen tube (PT) penetrating the nucellus (NU)
1 week after pollination (bar=50 μm), 2. Megaspore mother cell
(MMC) within the nucellus 1 week after pollination (bar=75 μm), 3.
Functional megaspore (FM) within the nucellus 1 week after pol-

lination (bar=100 μm), 4. Branched (B) and enlarged pollen tubes in
the nucellus 2 weeks after pollination (bar=40 μm), 5. Pollen tube in
the nucellus with the corresponding enlarging megaspore with free
nuclei (N) 3 weeks after pollination (bar=100 μm), 6. Enlarged
megaspore with free nuclei 7 weeks after pollination (bar=50 μm)
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accompanied by gradual cell enlargement (Fig. 5). This
continued at least up to August (Fig. 6). The seed cones
remained dormant at the free-nuclear stage.

Other than the 2-week delay in the development of the
seed cones in P. lambertiana, as compared with P. monti-
cola, no difference was observed in the rates of growth of
the pollen tubes on the nucellus of the recipient ovules in
any of the interspecific and intraspecific crosses examined.
There was also no difference in the development of the
megaspores of the recipient ovules in the presence of pollen
tubes from any of the four crosses. Pollen tubes were ob-
served in all the ovules that were examined. Furthermore,
no abnormality was observed on the development of the
seed cones during the first year of the reproductive process.

Second-year cones

The cross between P. lambertiana seed cones and P. monti-
cola pollen grains as well as the reciprocal cross resulted in
the formation of second-year cones. However, only the P.
monticola × P. lambertiana cross produced mature cones.
Approximately 50% of the seed cones from this interspecific
cross have aborted, and this figure is similar to that of the
intraspecific crosses (data not shown). Therefore, the seed
cone abortion observed in this study is likely due to external
and internal factors other than an effect of the specific
combination of species being examined. To confirm the
quality of the pollen grains used in the study, we also deter-
mined the percentage of filled or viable seeds. The batch of
P. monticola and P. lambertiana pollen grains used resulted
in approximately 63 and 83% viable seeds, respectively.

Histological analysis showed that, in early spring (about
the last week of March), the ovules in the P. monticola × P.
monticola and P. monticola × P. lambertiana crosses were
already at a more advanced developmental stage compared

with those in the P. lambertiana × P. lambertiana and P.
lambertiana × P. monticola crosses. In the P. monticola × P.
monticola and P. monticola × P. lambertiana crosses, the
ovules have already formed mature female gametophytes,
i.e., cellularized and containing archegonia at the central
cell stage. The pollen tubes in both crosses using P. monti-
cola as the seed parent were still partway through the
nucellus.

In the P. lambertiana × P. lambertiana and P. lamber-
tiana × P. monticola crosses, the pollen tubes were also
nearly in the same position as last year (Fig. 7). In the
intraspecific cross, the ovules were still at the free-nuclear
stage, although the megaspores have enlarged, as compared
with their size at winter dormancy (Fig. 7). In the inter-
specific cross, however, all the ovules have collapsed at
this stage. This was also already manifested in the seed
cones, as these turned brown and shriveled.

By the middle of April, fertilization has passed in the P.
monticola × P. monticola cross, and the ovules already
contained four to eight nucleate proembryos. In the P.
monticola × P. lambertiana cross, the ovules were still at
the egg stage and most of the pollen tubes have reached the
canal cells leading to the archegonia. At this stage, the
generative cells have divided and formed two unequal-size
male gametes. This usually occurred in the part of the pol-
len tube between the nucellus and the archegonia (Fig. 8).
The bigger male gamete (60 μm long) usually precedes the
smaller one (40 μm long). Branching of P. lambertiana
pollen tubes was more prominent at this stage (Fig. 7).

By the first week of June, proembryos were growing in
the corrosion cavities of ovules from the P. monticola × P.
monticola cross. In the P. monticola × P. lambertiana cross,
many of the egg cells have been inseminated (Fig. 9), and
the male gametes were still clearly visible in the egg cyto-
plasm (Fig. 10). However, fertilization has not been ob-
served in any of the samples examined. The unfertilized

Figs. 7-11 Reproductive stages in P. monticola ovules crossed with
P. lambertiana pollen grains on the second year of seed cone
development. 7. P. lambertiana pollen tube (PT) growing in the
nucellus (NU) of P. monticola with the corresponding enlarged
megaspore containing free nuclei (N) at early spring (bar=200 μm),
8. Formation of two unequal-size male gametes (MG) in the part of
the pollen tube that is at the base of the nucellus and near the

archegonia (AR) (bar=110 μm), 9. Pollen tube that has inseminated
the egg cell and showing one of the male gametes (MG) inside the
egg cytoplasm (EC; bar=30 μm), 10. Egg cytoplasm containing a
pollen tube nucleus (TN) and a male gamete (MG) near an egg
nucleus (EN; bar=10 μm), and 11. A female gametophyte (FG) with
a corrosion cavity (CC) from an unfertilized ovule (bar=250 μm)
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egg cells eventually degenerated, but the female gameto-
phyte tissues appeared to be unaffected. The seed cones
still remained intact on the trees and did not show any mani-
festation of the degeneration that occurred in the ovules.
Although there were no proembryos formed in the ovules of
the P. monticola × P. lambertiana cross, the female game-
tophytes still formed corrosion cavities (Fig. 11).

In the P. lambertiana × P. lambertiana cross, the ovules
by the first week of June have formed mature female game-
tophytes, the pollen tubes have produced male gametes of
unequal size, and fertilization has taken place. The total
length of time from pollination to fertilization is about 12
months.

Discussion

Sexual reproduction in P. lambertiana

The sexual reproductive process in P. lambertiana has not
yet been completely described. The only histological analy-
sis done on this species is that of [20], where descriptions
of the formation of the egg from the central cell, the cy-
tology of the pollen tube as it approaches the archegonia,
and the immediate events surrounding fertilization are pre-
sented. However, information regarding the stages prior to
the above is still lacking. In addition, knowledge of the
stages involved during ovule development, corresponding
to the stages that are occurring during pollen germination
and tube growth on the nucellus from pollination to fertili-
zation, is still not known. These are important in the advance-
ment of our understanding of the reproductive behavior of
P. lambertiana.

The developmental stages involved in the reproductive
process in P. lambertiana are generally similar to that in P.
monticola [3, 36, 37]. However, there are differences in the
timing of these stages between the two species. Seed cone
receptivity in P. lambertiana is 2 weeks delayed compared
with that in P. monticola. This delay is perpetuated throughout
ovule development on the first year of the reproductive pro-
cess. There are also differences in the timing of develop-
ment of the second-year seed cones. The ovules in early
spring develop gradually in P. lambertiana unlike those in
P. monticola; that is, by about the last week of March, free-
nuclear divisions resume and continue for about four and
two more weeks in these species, respectively. The timing
of fertilization in P. lambertiana occurs about 5 weeks after
the occurrence of fertilization in P. monticola. In total, the
length of time involved from pollination to fertilization in
P. lambertiana is approximately 12 months, which is about
2 months longer than that of P. monticola. Therefore, these
two species are clearly incompatible based on phenology.
There are also a few differences in the features of the
reproductive structures between the two species. These
include the formation of branched pollen tubes and male
gametes of unequal size in P. lambertiana but not in P.
monticola. Our observations for P. lambertiana and P.
monticola are similar to those of [20] and [3], respectively.

Crossing barriers between P. lambertiana
and P. monticola

In pines, lack of pollination or insufficient number of ovules
containing germinating pollen results in ovule abortion.
This is followed by the falling off of the developing seed
cones in just a couple of months, which occurs on the first
year of the reproductive process. If sufficient number of
ovules contains germinating pollen, the ovules continue to
develop and the seed cones remain attached on the tree.
Therefore, the growth of pollen tubes in the nucellus is
necessary for continued ovule development in pines [35,
41]. Therefore, the presence of seed cones on the tree, par-
ticularly on the second year of the reproductive process, has
been used as a basis of pollination success.

In hard pines, many interspecific crosses result in the
failure of the pollen tubes to penetrate the nucellus, and in a
few cases, some pollen tubes penetrate the nucellus, but
since these are only few, the impact is not sufficient to
induce development of the seed cones [4, 35, 41]. Irre-
spective of the stage of pollen tube arrest, incompatibility
in hard pines is regarded as a prefertilization phenomenon
and has been the case in all of the hard pines examined thus
far. In soft or white pines, interspecific crosses result in
pollen germination and penetration of the nucellus of the
recipient ovules. The development of the seed cones and
ovules during the first year of the reproductive process is
normal regardless of species combination. This has also
been observed in several studies using different white pine
species combinations ([9, 17, 32, 44]; this paper). Incom-
patibility in white pines occurs during the development of
second-year seed cones. It has been reported that it is
manifested through the failure of the proembryos to con-
tinue development or through the inviability of the mature
embryos [17, 29–31]. However, there are also reports sug-
gesting that this is not entirely the case in other white pines.
In the cross between P. armandii and P. monticola, no seed
cone or hybrid seed was produced [2, 47]. In the cross
involving P. monticola × P. lambertiana, consistently higher
early seed cone and ovule abortion occurred compared with
that in the intraspecific cross; based on this, [9] concluded
that the incompatibility between these two species occurs
before fertilization. On the other hand, no hybrid seed was
produced whether P. lambertiana or P. monticola was used
as the female parent [9]. Our pollination experiments showed
that the P. monticola × P. lambertiana cross resulted in many
fully matured seed cones, while no seed cones reached
maturity from the reciprocal cross. In both types of polli-
nations, no hybrid seed was obtained, therefore confirming
the findings of [9]. However, our histological analysis
showed that in the cross between P. lambertiana seed cones
and P. monticola pollen grains, the barrier to hybridization
occurs earlier compared with that in the reciprocal cross.
The breakdown is manifested by the failure of the mega-
spores at the free-nuclear stage to resume development. We
believe that this is related to the presence of the incom-
patible pollen tube on the nucellus. However, the mecha-
nism behind this incompatibility reaction is unknown.

147



In pines, previous reports on the prefertilization incom-
patibility reactions from interspecific crosses have centered
on the nucellus; either the incompatible pollen grains are
unable to germinate on it or it prevents the pollen tubes from
growing further. Our report clearly shows that the nucellus
allows the incompatible pollen tube to penetrate it. In fact,
seed cone development in many interspecific crosses in-
volving various white pine species is normal on the first
year of the reproductive process ([9, 17, 32, 44]; this paper).
Our report is the first to clearly describe a prefertilization
incompatibility reaction that is manifested in the female
gametophytic tissues.

Our results also showed that when P. monticola seed
cones were pollinated with P. lambertiana pollen grains,
germination occurred and the pollen tube developed partly
through the nucellus. There was no difference in the develop-
ment of the ovules in the P. monticola × P. lambertiana
cross from the intraspecific cross on the first year of the
reproductive process. The failure to form hybrids between
P. monticola seed cones and P. lambertiana pollen grains
occurs in the spring of the second year. This is due to the
inability of the male and female gametes to fuse with each
other. This observation supports the report of [4] that in-
compatibility in some white pines occurs at fertilization.
Unfortunately, the mechanism behind this phenomenon is
unknown.

Despite the absence of fertilization in the P. monticola ×
P. lambertiana cross, the female gametophytes still formed
corrosion cavities. Therefore, the presence of corrosion cavi-
ties is not necessarily correlated with the occurrence of
fertilization or the presence of developing proembryos,
contrary to the reports of [17] and [29–31]. The presence of
corrosion cavities in the absence of fertilization has also
been documented in several studies involving in vitro
culture of isolated female gametophytes [13–15].

Our study clearly shows that hybridization barriers be-
tween P. lambertiana and P. monticola occur before or at
fertilization. It also validates previous observations of the
occurrence of prefertilization incompatibility barriers in
white pines [2, 9, 47]. On the other hand, if the presence of
corrosion cavity is not used as a basis for the occurrence of
fertilization, reports on postfertilization incompatibility bar-
riers in white pines will probably be not as common as
previously reported [17, 29–31]. However, since the mani-
festations of incompatibility reactions depend on the extent
of genetic difference between the species being crossed [35],
it is very likely that postfertilization barriers do occur in
white pines. Therefore, the current generalization of the na-
ture of incompatibility reactions in white pines is no longer
appropriate.

Strategies to bypass crossing barriers between P.
lambertiana and P. monticola

The ability to reforest using genetically improved seeds
depends on tree improvement programs. These programs
rely on breeding technologies devised to capture desirable
traits and transmit them to the offspring. Strategies that will

allow improvement of genetic stocks beyond the capability
of traditional breeding need to be developed if long-term
solution is desired. In vitro fertilization (IVF) offers a novel
alternative technology which has practical applications in
breeding programs such as overcoming prefertilization in-
compatibility barriers, controlling the production of off-
spring, and reducing the time required for the development
of embryos [14]. This technology also offers the develop-
ment of new genetic pools for future forest development,
provides new genetic combinations for new niche growing
areas that are likely to be more prevalent with future climate
change, and buffers the forestry industry against diseases.

In many pines, it appears that the most critical period in
the development of hybrid seeds occurs before fertilization
([4, 16, 33–35, 42, 46] this paper). It is in cases like these
where the reproductive barrier involved in hybridization is
a prefertilization event where IVF becomes most applicable
[13–15]. IVF in conifers involves the culture of male and
female reproductive structures to facilitate the penetration
of the egg and eventually the fusion of gametes [14].
Through IVF, species that do not normally hybridize in
nature may be hybridized in culture. Therefore, to be able
to introduce resistance genes into susceptible white pines,
one needs to develop an IVF strategy based on the specific
incompatibility barriers involved.

In the P. lambertiana × P. monticola cross, the failure to
produce hybrid seed is due to the abortion of the develop-
ing female gametophytes in the early spring of the second
year of the reproductive process. Since fully matured
female gametophytes of P. lambertiana can be isolated
from ovules produced through intraspecific pollination,
these can be cocultured with P. monticola pollen tubes in
vitro. Therefore, this IVF strategy allows the reproductive
structures of the two species at the ideal developmental
stages to come together and possibly yield a hybrid progeny.

In the P. monticola × P. lambertiana cross, the situation
appears to be more complicated since the actual reason for
the failure of the male and female gametes to fuse is un-
known. However, based on our study, we propose two
possible reasons why the egg and sperm of P. monticola
and P. lambertiana, respectively, do not fuse; these include
the size of the male gamete fusing with the egg and the
timing of fertilization.

In intraspecific crosses, fertilization occurs in about 10
and 12 months in P. monticola and P. lambertiana, respec-
tively. In the interspecific cross involving P. monticola as
the seed parent, the male gametes from P. lambertianawere
delivered into the egg cytoplasm in about 12 months. This
means that there was a delay in the receipt of the male
gametes in the eggs of P. monticola. We believe that this
may have affected the physiological condition of the eggs,
making them not amenable for fertilization. Therefore, if
the barrier between such species combination is due to the
asynchrony in the availability of the male and female
gametes, then IVF will be a helpful strategy to bring to-
gether these two reproductive structures at the stage when
both gametes are just initiated and probably most receptive.
This can be done by isolating female gametophytes of P.
monticola obtained from intraspecific pollinated ovules
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and introduced to P. lambertiana pollen tubes bearing male
gametes under culture conditions.

If the reason behind the failure of fertilization is related
to the size of the male gamete fusing with the egg nucleus,
then this may involve some kind of species-specific recog-
nition mechanisms similar to those reported in animals and
lower plants [21, 45]. Therefore, the IVF strategy in this
case involves isolating the female gametophyte containing
the egg cell with male gametes in it, and then subjecting it
to electroporation. Subjecting cells to intense but very short
electrical impulses has been shown to cause membranes to
fuse, and this was successfully demonstrated in maize [12,
27, 28].

It is possible that gametic incompatibility exists in pines
and is due to reasons other than those speculated here.
However, the lengthy reproductive process in pines com-
plicates the examination of a possible genetic mechanism
that is involved in this process. Therefore, as compared with
other possible scenarios, we believe that our suggestions to
overcome the crossing barriers in white pines are note-
worthy and relatively easy to address experimentally.

Acknowledgements The authors are grateful for the assistance
given by the Department of Environmental and Forest Biology, State
University of New York College of Environmental Science and
Forestry through the several work-study undergraduate students who
were involved in the sectioning of the specimens. The assistance
given by Jeremy Kaufman during the pollination process, by Jerry
Berdeen on the seed viability testing, and by other employees at
Dorena GRC during all stages of orchard work is gratefully
acknowledged.

References

1. Belcher E, Vozzo JA (1979) Radiographic analysis of agricul-
tural and forest tree seeds (contribution no. 31). In: Handbook on
seed testing. The seed X-ray technology committee of the asso-
ciation of official seed analysts, Lansing, MI

2. Bingham RT, Hoff RJ, Steinhoff RJ (1972) Genetics of western
white pine. USDA For Ser Res Pap WO-12. USDA Forest
Service, Washington, DC, 28 p

3. Bruns D, Owens JN (2000) Western white pine (Pinus
monticola Dougl.) reproduction: II. Fertilization and cytoplas-
mic inheritance. Sex Plant Reprod 13:75–84

4. Buchholz JT (1944) The cause of sterility in cross-pollinations
between certain species in pines. Am J Bot 31(supplement):
2–25

5. Chira E, Berta F (1965) One of the causes of interspecific
incompatibility within the genus Pinus. Biologia 20:600–609

6. Critchfield WB (1966) Crossability and relationships of the
closed-cone pines. Silvae Genet 16:89–97

7. Critchfield WB (1975) Interspecific hybridization in Pinus: a
summary review. In: Fowler DP, Yeatman CW (eds) Symposium
on interspecific and interprovinance hybridization in forest trees.
Proc. 14th Meet. Can. Tree Improv Assoc, Part 2. Fredericton,
NB, Canada, pp 99–105

8. Critchfield WB (1986) Hybridization and classification of the
white pines (Pinus Section Strobus). Taxon 35:647–656

9. Critchfield WB, Kinloch BB Jr (1986) Sugar pine and its
hybrids. Silvae Genet 35:138–144

10. Critchfield WB, Krugman SL (1967) Crossing the western
pines at Placerville, California. Arbor Bull 30:78–81

11. Duffield JW (1952) Relationships and species hybridizing in
the genus Pinus. Z Forstgenet Forstpflanzenzücht 1:93–100

12. Faure JE, Mogensen HL, Dumas C, Lörz H, Kranz E (1993)
Karyogamy after electrofusion of single egg and sperm cell
protoplasts from maize: cytological evidence and time course.
Plant Cell 5:747–755

13. Fernando DD, Owens JN, von Aderkas P, Takaso T (1997) In
vitro pollen tube growth and penetration of female gametophyte
in Douglas fir (Pseudotsuga menziesii). Sex Plant Reprod 10:
209–216

14. Fernando DD, Owens JN, von Aderkas P (1998) In vitro fer-
tilization from co-cultured pollen tubes and female gameto-
phytes of Douglas fir (Pseudotsuga menziesii). Theor Appl
Genet 96:1057–1063

15. Fernando DD, Owens JN (2004) Development of an in vitro
technology for white pine blister rust resistance. In: Sniezko
RA, Samman S, Schlarbaum SE, Kriebel HB (eds) Breeding
and genetic resources of five-needle pines: growth, adaptability
and pest resistance; 2001 July 23–27; Medford, OR, USA.
IUFRO Working Party 2.02.15. Proceedings RMRS-P-32. U.S.
Department of Agriculture, Forest Service, Rocky Mountain
Research Station, Fort Collins, CO, pp 163–168

16. Hagman M (1975) Incompatibility in forest trees. Proc R Soc
Lond, B 313:326

17. Hagman M, Mikkola L (1963) Observations on cross, self-, and
interspecific pollinations in Pinus peuce Griseb. Silvae Genet
12:73–79

18. Hashizume H, Kondo Y (1962a) Studies on the mechanism of
fertilization in forest trees. I. Inhibitors to the growth of pollen
tubes in the reproductive organs of Pinus densiflora. J Jap For
Soc 44:43–48

19. Hashizume H, Kondo Y (1962b) Studies on the mechanism of
fertilization in forest trees. II. Inhibitors to the growth of pollen
tubes in the reproductive organs of Pinus thunbergii. Trans
Tottori Soc Agr Sci 14:93–97

20. Haupt AW (1941) Oogenesis and fertilization in Pinus
lambertiana and P. monophylla. Bot Gaz 102:482–498

21. Jaffe LA (1976) Fast block to polyspermy in sea urchin eggs is
electrically mediated. Nature 261:68–71

22. Keng H, Little EL (1961) Needle characteristics of the hybrid
pines. Silvae Genet 10:131–146

23. Kinloch BB Jr (1992) Distribution and frequency of a gene for
resistance to white pine blister rust in natural populations of
sugar pine. Can J Bot 70:1319–1323

24. Kinloch BB Jr, Dupper DE (1999) Evidence of cytoplasmic
inheritance of virulence in Cronartium ribicola to major gene
resistance in sugar pine. Phytopathology 89:192–196

25. Kinloch BB Jr, Parks GK, Fowler CW (1970) White pine blister
rust: simply inherited resistance in sugar pine. Science 167:193–195

26. Kinloch BB Jr, Sniezko RA, Barnes GD, Greathhouse TE
(1999) A major gene for resistance to white pine blister rust in
western white pine from the western cascade range. Phytopa-
thology 89:861–867

27. Kranz E, Bautor J, Lorz H (1991) In vitro fertilization of single,
isolated gametes of maize mediated by electrofusion. Sex Plant
Reprod 4:12–16

28. Kranz E, Lorz H (1993) In vitro fertilization with isolated,
single gametes results in zygotic embryogenesis and fertilize
maize plants. Plant Cell 5:739–746

29. Kriebel HB (1967) The timing of the incompatibility reaction of
interspecific crosses of Pinus strobus L. Proc 14th IUFRO
Cong 3:77–87

30. Kriebel HB (1972) Embryo development and hybridity barriers
in the white pines (Section Strobus). Silvae Genet 21:39–44

31. Kriebel HB (1981) Maternal control over premature cone ab-
scission of pines. Genetika (Belgrade, Yugoslavia) 10:269–276

32. Kriebel HB (2004) Genetics and breeding of five-needle pines in
the easternUnited States. In: SniezkoRA, Samman S, Schlarbaum
SE, Kriebel HB (eds) Breeding and genetic resources of five-
needle pines: growth, adaptability and pest resistance; 2001 July
23–27; Medford, OR, USA. IUFRO Working Party 2.02.15.
Proceedings RMRS-P-32. U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station, Fort Collins, CO, pp
20–27

149



33. Kormutak A (1984) Some cytological and biochemical aspects
of interspecific incompatibility in pines (Pinus sp.). Acta
Dendrobiol 7:7–83

34. Krugman SL (1970) Incompatibility and inviability systems
among some western north American pines. Proceedings of
IUFRO Working Group on Sexual Reproduction of Forest
Trees, Section 22, 13 pp

35. McWilliam JR (1959) Interspecific incompatibility in Pinus.
Am J Bot 16:425–434

36. Owens JN, Bruns D (2000) Western white pine (Pinus
monticola Dougl.) reproduction: I. Gametophyte development.
Sex Plant Reprod 13:61–74

37. Owens JN, Molder M (1977) Seed-cone differentiation and
sexual reproduction in western white pine (Pinus monticola).
Can J Bot 55:2574–2590

38. Righter FI, Duffield JW (1951) A summary of interspecific
crosses in the genus Pinus made at the Institute of Forest
Genetics. J Heredity 42:75–80

39. Ruzin SE (1999) Plant microtechnique and microscopy. Oxford
University Press, New York

40. Samman S, Schwandt JW, Wilson JL (2003) Managing for
healthy white pine ecosystems in the United States to reduce
the impacts of white pine blister rust. Forest Service Report R1-
03-118. Department of Agriculture, Forest Service, Missoula,
MT, 10 p

41. Sarvas R (1962) Investigations on the flowering and seed crop
of Pinus sylvestris. Commun Inst For Fenn 53:1–198

42. Stockwell WP (1939) Pre-embryonic selection in the pines.
J For 37:541–543

43. Stone EC, Duffield JW (1950) Hybrids of sugar pine embryo
culture. J For 48:200–201

44. Ueda K, Yoshikawa K, Inamori Y (1961) On the fertilization of
interspecies crossing in pine. Bull Kyoto Univ For 33:137–155

45. Whitaker MJ, Swann K (1993) Lighting the fuse at fertilization.
Development 117:1–12

46. Williams CG, Joyner KL, Aukland LD, Johnston S, Price HJ
(2002) Genomic consequences of interspecific Pinus spp.
hybridization. Biol J Linn Soc 75:503–508

47. Wright JW (1959) Species hybridization in the white pines. For
Sci 5:210–222

150


	Sexual reproduction and crossing barriers in white pines: the case between Pinus lambertiana (sugar pine) and P. monticola (western white pine)
	Abstract
	Introduction
	Materials and methods
	Study site, sources of pollen, and pollination
	Histological analysis
	Seed viability test

	Results
	First-year cones
	Second-year cones

	Discussion
	Sexual reproduction in P. lambertiana
	Crossing barriers between P. lambertiana and P. monticola
	Strategies to bypass crossing barriers between P. lambertiana and P. monticola

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


