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Summary

Progressive forest decline requires the development of con-
servation strategies to avoid the loss of genetic diversity.
Among the ex situ methods for the preservation of forest tree
germplasm, conventional seed banking is considered the most
efficient method for the majority of species. However, in some
forest trees the rapid decrease of seed viability requires new
storage methods. Cryopreservation (storage at ultralow temper-
atures, < —130 °C) offers great promise for long-term storage of
forest tree seeds. In this paper the effect of storage in liquid
nitrogen (—196 °C) on seven Spanish pines was evaluated. For
most of these species, no significant differences were found in
seed germination before and after cryopreservation. Only in
P. pinea did cryopreservation negatively affect seed viability.
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Introduction

Deforestation by human activities is presently one of the
main global environmental problems (McCNEELY et al., 1995).
The irreparable loss of genetic diversity in many tree species
may result in severe ecological and economic consequences
(LEDIG, 1988; AHUJA, 1994). Thus, since the 70’s, integrated
strategies of in situ and ex situ conservation have been propos-
ed, implemented and widely spread to preserve the remaining
diversity. The latter includes botanical gardens, plantations, in
vitro banks, and seed banks (MILLAR, 1993). Seed banking is
considered the most efficient and economic method for the
conservation of genetic resources (GOMEz-CAMPO, 1985;
HAwWkES, 1990; CHIN, 1994). The dessicated seeds of many
species can be stored for long periods at temperatures below
0°C without a loss of viability. These type of seeds are defined
as true-orthodox, a category that includes most of the species of
the tree genera of temperate areas, such as Abies, Alnus, Betu-
la, Fraxinus, Larix, Picea, Pinus, etc. (BONNER, 1990).

Traditional banking of pine seeds has proven to be an
efficient method for short and medium term conservation
periods. Pinus ponderosa seeds stored at 0 °C for 7 years do not
show a loss of viability (ALLEN, 1957). The same behaviour was
found in P. elliotii, P. patula, P. radiata and P. taeda after 6
years of storage at —16 °C (DoNALD and JAcoBs, 1990). Howe-
ver, longer periods seem to affect seed vigour and viability.
BARNETT (1969) reported a 32% decrease in the germination of
P. echinata seeds after 10 years of storage at 1.1°C and 6%
moisture content. Recently, DONALD and JACOBS (1990) reported
that storage periods of over 15 years in P. elliotii, P. patula,
P radiata and P. taeda resulted in an increase in abnormal
germination. After 50 years, the germination rate fell to approx-
imately 25% in P. echinata and 66 % in P. elliotii seeds with a
notable loss of vigour, which could be correlated with chromo-
somal aberrations (BARNET and Vo0zzo, 1985).

The above comments clearly denote that seed viability and
seedling vigour are only maintained for short periods in compar-
ison to the span-life cycle of pines. Thus, the use of traditional
methods of seed storage is clearly limited and not recommend-
ed because the potential storage period is shorter than the
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natural interval between germination and seed production for
the next generation (BONNER, 1990). An alternative method to
minimize the current problems associated with traditional seed
banking of tree seeds is cryopreservation (AHUJA, 1986, 1991;
PrtA et al., 1997), which is based on storing seeds at ultra-low
temperatures (< —130°C) (PRITCHARD, 1995; BajaJ, 1995). At
these temperatures metabolism is virtually stopped and conse-
quently the deterioration process is greatly reduced (STAN-
wooD, 1985). Under these conditions, the storage period is
theoretically indefinite and the management problems of tradi-
tional seed banking, such as periodic regeneration, viability
controls, risk of loss by disease and environmental problems,
are reduced or even eliminated (EBERHART et al., 1991).

Cryogenic storage has been successfully carried out in many
orthodox seed species (STANWOOD, 1985), including different
pine species, such as: P. sylvestris (AHUJA, 1986; PiTA et al.,,
1997), P. echinata (ENGSTROM, 1966), P. ponderosa (STANWOOD
and Bass, 1978), P. nigra (P1TA et al., 1997). However, in some
species with orthodox seeds authors have pointed out problems
after cryopreservation such as, cotyledon detachment (STAN-
wooD, 1985; PRITCHARD et al., 1988), abnormal germination
(StaNnwooD, 1980; HARRISON and CARPENTER, 1977) or seed
death by internal freezing injury (VERTUCCI, 1989). In these
cases, the role of seed characteristics (seed size, seed moisture
content and/or chemical composition) have been studied.

These facts suggest the need for evaluating the effect of cryo-
preservation on each species before proposing this conservation
method. Thus, the objective of this study was to examine the
effect of cryopreservation on the seven Spanish pines (P. cana-
riensis, P. halepensis, P. nigra, P. pinaster, P. pinea, P. sylvestris,
P. uncinata) with very different biogeographical and ecological
features and different seed characteristics (AMARAL-FRANCO,
1986).

Material and Methods
Plant material

Seeds of P. canariensis, P. halepensis, P. nigra, P. pinaster, P.
pinea, P. sylvestris, P. uncinata, collected in 1996, were obtain-
ed from the Institute for Nature Conservation (ICONA), Minis-
try of Agriculture. Seeds were extracted after submitting the
cones to a treatment of 55 °C to 65°C during 2 hours and sub-
sequently stored at 6 °C in darkness.

Seed moisture content

Seed moisture content was determined in all species using
the oven method with samples being held at 103°C for 17
hours as recommended by the International Seed Testing Asso-
ciation (ISTA, 1996). Moisture contents are expressed as per-
centage of fresh weight.

Seed storage in liquid nitrogen

Seeds were wrapped in aluminium foil and directly im-
mersed in liquid nitrogen (-196 °C, seed cooling rate of approxi-
mately 200 °C min!) for 4 days. The storage of seed accesions
in liquid nitrogen took place in L’Air liquid GT-55 cryotanks
until germination tests were done. The warming procedure
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Figure 1. — Effect of cryopreservation on seed germination of seven Spanish pines incubated during 28 days at 25°C/15°C light/darkness, with
16 h/8 h light/darkness regime. A: Pinus canariensis. B: P. halepensis. C: P. pinaster. D: P. pinea. E: P. nigra. F: P. sylvestris. G: P. uncinata. Control (—

®-). Inmersion in liquid nitrogen, 4 days (+-).

consisted of letting the samples warm under ambient labora-
tory air temperature and humidity (20°C to 25°C/40%) to
equilibrium (24 h).

Seed germination tests

For germination, four lots of 25 seeds were placed in Petri
dishes (9 cm diameter) on top of two filter paper disks
moistened with distilled water. The seeds were incubated at
25°C/15°C day/night, with 16 h/8 h light/darkness regime and
an irradiance of 35 umol m2 s~! provided by cool white fluores-
cent tubes (OSRAM L 58W/20). Seeds showing radicle emer-
gence were counted every day and removed from the Petri dish-
es. The number of days needed to reach 50% germination (T50)
and final germination percentage after 28 days of seed incuba-
tion were calculated.

Statistical analysis

A one-way ANOVA was performed to test the effect of cryo-
preservation on final germination percentage. Germination
percentages were previously submitted to the arcsine trans-
formation and comparison of means was carried out using the
SCHEFFE test (p < 0.01).

Results and Discussion

Seed germination of the seven Spanish pines after cryo-
preservation is shown in figure 1. For most of these species, no

significant differences were found in final seed germination
percentages and T50 (Table 1) before and after cryopreserva-
tion. Only in P. pinea did cryopreservation negatively affect
seed viability. Thus, the final germination percentage fell to
24 % and T50 increased by four days.

Several factors have been postulated in order to explain the
adverse effect of cryopreservation on germination, such as seed
moisture content, physical damage and/or chemical composi-
tion (EBERHART et al., 1991). STANWOOD (1985) pointed out that
moisture contents ranging between 10% to 30% could lead to
a decrease in seed survival after cryopreservation due to the
formation of intracellular ice during the freezing-thawing pro-
cess (VERTUCCI, 1989). P. pinea seeds are close to the lower
limit with a moisture content of 9.82%. However, this isolated
factor does not seem to explain the loss of viability as P. canari-
ensis and P. pinaster seeds, which were not affected by cryo-
preservation, which had similar moisture contents, (9.57% and
9.15% respectively Table 1). As indicated by PRITCHARD (1995)
the most suitable seed moisture content for cryopreservation
varies with each species. In some cases, dessication before
immersion in liquid nitrogen has been proposed to avoid
freezing damage (IRIONDO et al., 1992; GONZALEZ-BENITO et al.,
1994). Recently, we have shown that germination percentages
of Pinus nigra and P. sylvestris seeds dessicated with silica-gel
(60 days) did not significantly differ from non-dessicated seeds
after cryopreservation (PITA et al., 1997), although the initial
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Table 1. — Final germination percentage (G%) of the seven Spanish pines before and after
cryopreservation in liquid nitrogen (LN2). SD (standard deviation). T50 (days to reach 50%
germination). HC (moisture content). L (seed length). W (seed weight).

Control LN2 (4 days)
ESPECIE G%+SD  T50 G%#SD T50 HC (%) L (cm) W (g)
P. canariensis 8612,7 7 91£0,5 7 9,57 1,11x0,13 0,12+0,03
P. halepensis 9010,6 14 8442,0 14 7,63 0,51+0,05 0,02+0,01
P. pinaster 94+0,6 11 88+2,2 10 9,15 0,680,170 0,07+0,02
P. pinea * 85%1,5 9 61£3,3 13 9,82 1,6810,14 0,70£0,12
P. nigra 97+1,5 5 96+1,2 6 728 0,53+£0,70 0,02+0,01
P. uncinata 70+1,5 6 71£1,9 7 7,26 0,3740,05 0,01+0,00
P. sylvestris 100£0,0 5 97+1,0 6 7,71 0,38+£0,04 0,0110,00

*) Only in P. pinea significant differences were found in final germination percentages before

and after cryopreservation.

moisture content was already very low (6% to 7%) probably as
a consequence of the seed extraction procedure.

Physical damage due to the cooling/warming process may
cause abnormal germination, detachment of cotyledons or
production of seedlings with abnormalities (STANWOOD, 1985;
PRITCHARD, 1995). These alterations, in some cases, could be
due to a large seed size. Phaseolus vulgaris seeds split in half
when rewarmed, however viability was not affected (STANWOOD,
1985). P. pinea seeds presented the largest and heaviest of all
the Spanish pines (Table 1), but in our assays, no physical
alterations were detected in the germinated seeds. Further-
more, there is no linear relationship between size and the
presence of physical damage, as there is for small seeds (Linum
usitatissimum or Raphanus sativus) which show notable
physical damage after cryopreservation (STANWOOD, 1985).

The third suggested factor is the chemical composition of the
seed, mainly oil seed content. It is hypothesized that the inter-
action between the lipid and water during freezing is responsi-
ble of the formation of ice crystals that were large enough to
cause lethal damage (VERTUCCI, 1989). This author who worked
with Pisum sativum, Helianthus annuus and Glycine max,
reported sensitivity to cryopreservation in the two species with
high lipid contents. Pine seeds are rich in oil (31% to 68% by
weight) (WOLFF and BAYARD, 1995) mainly fatty acids (IMBs and
PHAM, 1996), and in Pinus pinea the fatty acid content is close
to a 50% (CARVALHO, 1996). This chemical composition might
explain the effect of cryopreservation in this species, although
no loss of viability has been found in other species with high
lipid contents such as Datura ferox, Datura stramonium,
Onopordum nervosum and Halimium atriplicifolium after cryo-
preservation (IRIONDO et al., 1992).

An integrated strategy must be used for conserving plant
genetic diversity (FALK, 1990). Traditional seed banking (stor-
age at low temperatures and seed moisture content) may be
considered the most efficient method for the majority of species
(GOMEZ-CaMPO, 1985; HAWKES, 1990; CHIN, 1994). Nevertheless,
for tree seeds, the results obtained in this study indicate that it
can only be carried out for a limited period without a consider-
able loss of viability and vigour (BARNET and Vozzo, 1985;
DoNaLD and JAcoBs, 1990). When this period does not exceed
the natural interval between germination and seed production
for the next generation, other alternatives should be considered
(BONNER, 1990). Cryopreservation may be an interesting alter-
native (AHUJA, 1986; JORGENSEN, 1990; RAO and RILEY, 1994;
Prta et al., 1997), as the preservation period is not limited and
costs are significantly reduced (STANWOOD and Bass, 1981).
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Our results demonstrate that cryopreservation can be used
for most Spanish pines. However in Pinus pinea further
studies are necessary to determine the causes of the adverse
effect of cryopreservation. A set of factors (seed moisture, seed
size, chemical composition, etc.) must be considered. Never-
theless, seed oil content may be the main factor involved in the
freezing damage. In this case, the cryopreservation protocol
could be modified using a cooling rate under 200°C min™,
minimizing the damage in seeds with high lipid contents
(VERTUCCI, 1989). In any case, a more complex cryopreservation
protocol incurring higher costs may make this method unadvis-
able for the preservation of P. pinea seeds.

As suggested by AHUJA (1989), cryopreservation is a promis-
ing method for germplasm conservation of tree species. Seeds
have been submitted to cryopreservation and no significant
decreases in viability have been detected in Abies alba, Fagus
sylvatica, Larix decidua, Picea abies, Populus spp. (AHUJA,
1986), Ulmus pumila (ENGSTROM, 1966), Abies concolor (STAN-
wooD and BaAss, 1978), and even in some pines, such as Pinus
lambertiana, P. ponderosa (STANWOOD and Bass, 1981), P. sylves-
tris (AHUJA, 1986; PITA et al., 1997), P. echinata (ENGSTROM,
1966), P. ponderosa (STANWOOD and Bass, 1978) and P. nigra
(P1TA €t al., 1997).
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A Strategy for the Third Breeding Cycle of Loblolly Pine
in the Southeastern U.S.

By S. E. McKEAND!) and F. E. BRIDGWATER?)

(Received 9th June 1998)

Abstract

A strategy for the North Carolina State University — Indus-
try Cooperative Tree Improvement Program’s third-cycle
breeding for loblolly pine (Pinus taeda L.) was developed to
provide genetic gain in the short-term as well as to maintain
genetic diversity so that long-term genetic gains will also be
possible. Our strategy will be to manage a hierarchy of three
populations, each at a different level of intensity. The mainline
population will consist of about 160 selections that are
available to each cooperator in a given geographic region (i.e.
recruitment population). These populations will be managed as
subdivided breeding populations (40 sublines of 4 trees each)
primarily to provide for long-term genetic gain and diversity.
The most intensively selected and managed hierarchy will be
the elite populations. A highly selected group of trees (approxi-
mately 40 selections) will be managed to provide short-term
genetic gain for each member’s program. A third hierarchy will
be the genetic diversity archives managed to preserve and
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Box 8002, Department of Forestry, North Carolina State University,
Raleigh, NC 27695-8002, USA.

2) Research Geneticist and Adjunct Professor, USDA Forest Service,
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breed genotypes with extreme breeding values for individual
traits (not necessarily for all traits combined) as an insurance
population for environmental or selection criteria changes in
future generations.

The improved efficiency of this breeding strategy along with
the reduction in population sizes compared to the current
program, will result in a substantial reduction in effort by
individual cooperators. The increase in selection intensity from
reducing the population sizes and the increased rate of
breeding made possible by mating fewer trees will substantial-
ly increase gains in subsequent generations. While the most
intensive effort will be devoted to those populations providing
immediate genetic and financial gain, the long-term well-being
of the genetic resource will be maintained by judicious manage-
ment of all three hierarchies.

Key words: Elite breeding populations, genetic gain, mating designs,
Pinus taeda L., testing designs.

FDC: 165.3; 165.41; 165.6; 232.13; 174.7 Pinus taeda; (756).

Introduction

As the North Carolina State University — Industry Coopera-
tive Tree Improvement Program progressed toward the third
cycle of breeding, an efficient, cost-effective breeding strategy
was developed to ensure both short- and long-term benefits for
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