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Abstract.--The number of female strobili to pollinate per
controlled cross in loblolly pine can be estimated from three
factors: (1) in vitro pollen viability, (2) pollen distribution
frequency within the ovules, and (3) the expected cone survival of
pollinated flowers. In this study empirical data on the number of
pollen grains per ovule were obtained from sampling loblolly pine
conelets 2 weeks after pollination. The frequency distribution for
the number of pollen grains per ovule was then used to develop a
nonlinear model to estimate pollination effectiveness. Adjustments
for less than the maximum number of seeds per cone and for empty
seed losses resulted in estimates of filled seed per cone for
varying levels of pollen viability. From these data, the numbers
of flowers required to produce 300 filled seed per cross are
presented for four levels of cone survival. These guidelines can
improve breeding effectiveness and efficiency for loblolly pine.

Additional Keywords: Pinus taeda, tree breeding, tree
improvement

INTRODUCTION

Controlled pollinations are a vital component of the recurrent
selection and breeding program of southern pines. Production of adequate seeds
for genetic testing requires both an effective and efficient controlled
pollination procedure. An effective program would have a high success rate for
completion of the attempted prescribed crosses. For example, it is important to
have all the cells of the mating design completed before outplanting. However,
an effective program could have a high completion rate but would not necessarily
be efficient in terms of the required resources such as the number of
pollination bags installed, the amount of pollen required, or the labor
employed.
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An efficient program could provide a high completion rate for attempted
crosses yet should not utilize more than the necessary amount of resources.
Some safety margin is prudent, but consistent overproduction of cones or seeds
is certainly not cost effective. It would be better to refine the breeding
program so that more crosses were completed in a given year rather than to
overproduce seeds from a smaller number of crosses.

In research studies to evaluate the factors affecting the success of
controlled pollinations, pollen viability appears to be the single most
important factor relating to high seed yield per cone (Matthews and Bramlett
1985). Correct timing of female receptivity and the delivery of the pollen to
the ovules are important factors but if the pollen is not of high quality, the
seed yield and seed quality may be seriously reduced.

Large-scale breeding programs must routinely deal with the subject of
pollen viability because of the impact this variable has on how aggressively
breeding efforts can be pursued. The North Carolina State Cooperative Tree
Improvement Program maintains a large, centralized pollen storage bank to
expedite the Cooperative's second-generation breeding program. The
Cooperative's program involves the sharing of the control-pollination workload
and the exchange of pollens. In order to meet the biological time constraints
imposed by the pollination season, it is necessary to use stored pollen.

The Cooperative annually receives and processes for storage some 600 to
800 pollen lots. In the course of processing, several decisions are made that
take into account pollen viability. Moisture content and percentage of
germination in vitro are determined upon receipt of the pollen. When moisture
content exceeds 15 percent, the pollen is dried in an extractory as described by
Sprague and Snyder (1981) to a moisture content of 8 to 10 percent. This
initial drying is done to stabilize pollen quality until final preparations for
long-term storage can be completed. Subsequent drying to approximately 4
percent moisture is done by freeze-drying and the pollen is vacuum sealed in 10
ml vials for long-term storage. Germination tests (0.5 percent agar) are only
done before pollen storage. Both research and experience indicate that properly
stored pollen suffers little loss in viability for at least several years
(Goddard and Matthews 1981).

Pollen lots with viabilities as low as 10 percent are stored when no
other pollen of higher viabilitiy is available. This approach assumes that even
at viabilities as low as 10 percent, some seed set will be achieved when
appropriate amounts of pollen and proper timing are utilized in making
controlled pollinations. The low-viability pollen will be employed where
required rather than delay breeding for a year. When sufficient pollen is
available with viability greater than 50 percent, 80 ml of each pollen lot are
put into storage (eight vials of 10 ml each). This amount is considered
sufficient to complete the anticipated crosses involving any given pollen even
when pollen viabilities approach 10 percent. When the viability for a pollen
lot is less than 50 percent, additional pollen is requested the following spring
to upgrade the inventory. As long as a cross has not been completed, the plan
is to replace or upgrade pollen inventories when the prestorage viability is
less than 50 percent.
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The complexities of managing a large pollen bank with constantly
shifting inventories are eased with a computer-based record system. Matching
pollen availability to the availability of female strobili also requires good
records to avoid inefficiencies in breeding efforts and lost time.

This paper presents the impact of pollen viability on the effectiveness
and efficiency of controlled pollinations in loblolly pine. Empirical data were
used to construct a generalized model to generate the pollination effectiveness
at varying viability levels. The pollination effectiveness was then transformed
to the expected seed yields per cone and the number of strobili estimated to
produce 300 filled seed for progeny testing.

EFFECTIVE CONTROLLED POLLINATIONS

The pine reproductive system consists of the megasporangiate strobilus

( female flower), and the microsporangiate strobilus (male catkin). The female
flowers are in an upright position on the tips of the new vegetative growth and
are phenologically synchronized in development to be at maximum receptivity
during the peak of pollen release from the male catkins. As the wind transports
pollen to the female flower, individual pollen grains adhere to micropyle arms
and are transported to the pollen chamber via a pollination droplet. In
controlled pollination, breeders try to simulate the natural wind pollination
process. Wind pollen is excluded with an isolation bag and the selected pollen
is injected into the bag by the breeder. Key elements of successful breeding
are (1) correct timing of pollen application, (2) providing adequate quantities
and distribution of the pollen to the flowers, and (3) maintaining a high
viability and vigor of the pollen.

Up to 10 million pollen grains may be injected into a single
pollination bag, and the female flower may have a large amount of pollen between
the cone scales, yet only a very small number of pollen grains are found in the
pollen chamber. Because only those pollen grains in the pollen chamber are
capable of producing seed, the effectiveness of the controlled pollination can
be evaluated by examining the pollen chambers and recording the number of pollen
grains present. Matthews and Blalock (1981) have described the procedures for
making the pollen chamber count and this method has been a valuable tool to
quantify the effectiveness of both controlled- and wind-pollinated pines.
By using the pollen count technique, the timing of pollen application has been
found to be more flexible than once thought. It appears that 2 days before or
after maximum receptivity (Stage 5) are nearly as effective as pollination at
stage 5 (Bramlett and Matthews 1983).

The pollinator used to supply the pollen can be an important part of
the seed yield and many types of pollinators have been successfully used
( Bramlett and O'Gwynn 1981). Any device that effectively delivers the pollen to
the ovules can be used and may include a camel's-hair brush, wash bottle,
syringe, or cyclone pollinator. The quantity of available pollen may influence
the choice of pollinator. For very limited amounts of pollen, the camel's-hair
brush is effective. When pollen is abundant, the cyclone pollinator uses high
volumes of air and pollen to completely distribute pollen to all flowers within
the bag.
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Best results have been achieved by using the cyclone pollination with 1
cc of pollen applied per bag. Normally, one application at the correct stage of
flower development is adequate, but up to three pollen applications per bag may
be used when flower development within the bag is widely divergent.

FREQUENCY DISTRIBUTION OF POLLEN WITHIN THE OVULES

In several controlled pollination experiments we have quantified the
pollen catch per ovule. From these studies, the pollen distribution approaches
but does not equal the average number of pollen grains per ovule for
wind-pollinated flowers. In the data presented in Figure 1, four quantities of
pollen 0.25, 0.50, 1.00, and 2.00 cc were applied to three separate female
clones in the Georgia Forestry Commission's Arrowhead Seed Orchard. Conelets
were collected 10 to 14 days after pollination and approximately 1,500 ovules
were observed for pollen counts within the pollen chamber. An analysis of
variance of the data set indicated no statistical differences for the mean
pollen count among the 0.25, 0.50, and 1.00 quantities of pollen. These three
quantities were combined in the frequency distributions shown in Figure 1A and
had a mean value of 2.22 pollen grains per ovule. In this distribution 12
percent of the ovules had zero pollen grains. If an ovule has no pollen grains
or has pollen grains that are not viable, the ovule aborts soon after
pollination and no seeds are formed. If the ovule has at least one viable
pollen grain, however, the ovule continues development and forms a mature seed
coat unless the normal development is disrupted by destructive agents. In
Figure 1B, the pollen counts for ovules pollinated with 2.0 cc of pollen had a
mean value of 2.78 pollen grains per ovule and lower frequencies of ovules with
0, 1, or 2 pollen grains. Thus, the percentage of ovules with at least one
viable pollen grain would be expected to increase with increasing mean values
and consequently a low-frequency distribution of ovules with 0, 1, or 2 pollen
grains per ovule. For example, in Figure 1C, the frequency distribution for
wind-pollinated ovules illustrates a mean value of 3.97 with small numbers of
ovules with 0, 1, or 2 pollen grains per ovule.

Regardless of the distribution frequency of the pollen grains in the
ovules, the probability that some ovules will have no viable pollen grains
increases as the viability decreases. Thus, for each distribution function, the
empirical pollination effectiveness can be calculated by summing the
probabilities of ovules with at least one viable pollen grain for each pollen
count class.

DEVELOPMENT OF A PREDICTIVE MODEL

If the pollen viability and distribution are known, a probability model
can be developed for varying quantities of pollen. For example, with 50 percent
viable pollen and the pollen distribution as shown in Figure 1A, the combined
probabilities would give 60 percent of the ovules with at least one viable
pollen grain. This ratio of ovules with one or more viable pollen grains to the
total number of ovules per cone (seed potential) has been termed the pollen
effectiveness (PE) (Bramlett 1981). Therefore, the maximum predicted seed yield
for pollen lots with 50 percent viability and 2.2 pollen grains per ovule would
be PE x SEED POTENTIAL or 0.60 x 160=  96 developed seeds per cone. Obviously
the actual yield of developed and filled seeds would be lower than the maximum
as will be discussed later in the paper.
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Figure 1.--Number of pollen grains
per ovule for loblolly pines
following controlled pollinations
and wind pollinations (A)
Controlled pollinations with 0.50
to 1.0 cc of pollen per bag (B)
Controlled pollination with 2.0 cc
of pollen per bag (C) Wind
pollinations.

Figure 2.--Predicted maximum seed
yield per cone, total developed
seed per cone, filled seed per
cone, and filled seed per flower
for controlled pollinations in
loblolly pine. The predicted
values are generated from a model
with 2.0 pollen grains per ovule
and a seed potential of 160 ovules
per cone and are shown for
varying pollen viabilities.
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The next development of the general predictive model was derived from
pollen count data collected from a pollination timing study in 1982. In this
study, pollen was applied to loblolly pine (Pinus taeda L.) flowers at varying
female flower development stages (Bramlett and Matthews 1983). Pollen
application before or after the date of maximum receptivitiy reduced the mean
number of pollen grains per ovule. Using this data set a nonlinear predictive
model was derived by fitting the observed data with a function described by
Richards (1959):
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From this predictive equation, values of pollination effectiveness were
generated for the values of the mean number of pollen grains per ovule (MPC)
ranging from 0.50 to 14.0 (Table 1). The range of MPC are realistic values that
have been observed in controlled pollination studies. Expected values in
controlled pollinations average between 2.0 to 3.0 pollen grains per ovules.
Counts approaching 14.0 have been observed with heavy applications of pollen but
would generally be expected to be the upper limit of average number of pollen
grains per ovule. Counts below 1.0 occur when low quantities of pollen are
applied or when the pollen is not applied at the correct stage of flower
development.



Values of predicted filled seeds per cone for varying viabilities and pollen
distribution functions are shown in Table 2. As expected, the seed yields in
Table 2 indicate that low seed values are associated with low mean pollen counts
per ovule. These low mean values could result from inadequate distribution of
pollen to the ovule or if flowers were not pollinated at the proper time. More
important, low values of filled seed would also be expected when the viability
is reduced. For example, with a mean value of 2.0 pollen grains per ovule,
predicted filled seed yields with 90 percent viable pollen are four times the
yields when using 10 percent viable pollen. In Figure 2, yield of filled seed
per cone can be compared with the maximum seed and total developed seed per
cone.

PREDICTED SEED YIELD FROM CONTROLLED POLLINATIONS

The PE value can be transformed to seed yields by multiplying PE value
by seed potential. In Figure 2, the predicted number of developed seed per cone
for a mean pollen count of 2.0 and varying pollen viabilities is illustrated.
The highest values are the maximum seed per cone that could be expected with the
given parameters (Maximum Seed/Cone, Fig. 2). However, not all of the ovules
with one or more viable pollen grains per ovule will continue development and
form a seed coat. Numerous causes may exist but one primary problem is insect
damage to the ovule resulting in ovule abortion before seed coat formation.

If the pollen grains have not been counted in the pollen chambers, the
apparent pollination effectiveness (APE) can be measured as the ratio of the
total developed seed to the seed potential (Total Seed/Cone, Fig. 2). APE
approximates PE when insect losses are minimal. From seed yield data when
varying quantities of pollen were applied to three loblolly pine clones, APE was
75 percent of the pollination effectiveness as determined by the pollen count
per ovule data. Thus the APE for a given tree could be expected to average 0.75
x PE (Table 1).

A second factor in the reduction of seed yield is that not all of the
developed seeds are filled. Again, several causes of empty seed are known but
insect damage and embryonic abortion are principal reasons that only a
percentage of the total seeds are filled and thus capable of germination.

The values in Table 1 for APE can be converted to predicted filled seed
yields per cone by expanding to the seed potential for loblolly pine and then
adjusting for the percentage of total seeds that are filled. Although the
percentage of filled seeds may vary from year to year depending on the level of
insect protection and other factors, an average of 80 percent filled seed is a
reasonable number to use for seed orchard controlled pollinations. Thus the
predicted filled seeds per cone would equal:
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NUMBER OF FLOWERS TO POLLINATE

The final factor for controlled pollination guidelines to be both
effective and efficient is to know the number of flowers to pollinate based on
the viability of the pollen source. As stored pollen viability can be
determined in vitro before installation of pollination bags, guidelines are
needed to adjust the number of bags to use per cross based on the expected seed
yield. Currently 144 seedlings are required for outplanting each cross in the
N.C. State Tree Improvement program (Talbert et al. 1981). To ensure adequate
seedlings, approximately 300 filled seeds per cross are needed.

The number of flowers required to provide 300 filled seed per cross are
estimated in Table 3. The table gives four levels of cone survival. Rarely
would 100 percent of the flowers pollinated reach cone maturity. Based on
experience, more reasonable survival rates are 50 to 75 percent of the flowers
pollinated. In Figure 2, the number of filled seeds per pollinated flower are
presented for 2.0 pollen grains per ovule at varying pollen viabilities.
Survival rates of 25 percent indicate serious problems involving insects or
other factors including poor pollination techniques. With pollen viability of
75 to 90 percent and two or more pollen grains per ovule, less than 10 flowers
would be required to produce the 300 seeds for progeny testing. This number may
be lower than is currently being used for operational breeding programs.
Obviously, it is important to be sure that adequate seed are available, and the
numbers of flowers given in Table 3 should be considered as minimum
requirements. Also Table 3 illustrates the guidelines to follow for loblolly
pine. Other species could be adjusted based on pollen counts per ovule and
differences in the seed potential.
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ADDITIONAL REMARKS

The theoretical model for the effectiveness of controlled pollinations
with varying levels of pollen viability indicates that tree breeders sacrifice a
large amount of efficiency when low pollen viabilities are used. However, our
model indicates that only a very few female flowers per cross are required to
produce adequate seeds when correct timing, adequate distribution of pollen
within the bag, and highly viable pollen are used.

One of the untested assumptions of the model is that the ratio of
developed seeds to the maximum percentage of ovules with at least one viable
pollen grain would be the same regardless of the pollen viability. This
assumption may not be valid. Some preliminary work indicates that when pollen
viability is low, that pollen vigor may also be reduced. Pollen vigor is a
loosely defined term that currently is not measured in vitro. The effects of
low pollen vigor are reduced percentages of filled seed per cone. This
apparently is a result of pollen that germinates on the nucellus but does
complete fertilization. Thus ovules pollinated with low-vigor pollen could have
had relatively high in vitro viability but rather low filled seed yields per
cone.
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The number of flowers to pollinate per cross does not indicate how many
bags should be used. Frequently large numbers of flowers can be enclosed within
one bag. The danger is that a broken branch would be disastrous. Therefore, a
minimum number of bags should be five or six. Also, when large numbers of
flowers per bag are used, the flower development may extend over several days,
requiring more than one pollination per bag.

Finally, the number of flowers required to complete a cross can be used
in two ways. The first way is increase the effectiveness and efficiency of the
breeding program. The second way is to evaluate current breeding results. If
large numbers of flowers are required to complete each cross, this would appear
to be a warning signal that one or more of the several components of pollination
are not favorable. Pollen viability would be the most likely item but pollen
distribution and flower mortality could also be part of the low efficiency.
Taking corrective action should mean that seed yields increase and the breeding
program becomes both more effective and efficient.
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