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Abstract Loblolly pine (Pinus taeda L.) culture initiation
was improved by the addition of abscisic acid (ABA)
(3.7 �M), silver nitrate (20 �M), and guanosine 30,50-
cyclic monophosphate, 8-bromo-, sodium salt (10 �M) to
the medium and by raising cytokinin levels in the
presence of 50 mg/l activated carbon (AC). Basal medium
contained modified 1/2-P6 salts, 50 mg/l AC, Cu and Zn
added to compensate for adsorption by AC, 1.5% maltose,
2% myo-inositol, 500 mg/l casamino acids, 450 mg/l
glutamine, 2 mg/l a-naphthaleneacetic acid (NAA),
0.55 mg/l 6-benzylaminopurine (BA), 0.53 mg/l kinetin,
and 2 g/l Gelrite. Across 32 open-pollinated families
initiation ranged from 0 to 53.4%, with an average of
17.9%. Further optimization of cytokinins to 0.63 mg/l
BA and 0.61 mg/l kinetin along with the removal of ABA
maintained initiation at 18.2% across 19 families.
Survival of 2001 new initiations was tracked for 4–
6 months. Survival averaged 28.8%. A test of 68 new
initiations tracked closely for 4 months demonstrated that
at least 80% of the cultures lost did not grow after transfer
to the multiplication media, suggesting that many new
initiations abort during the initiation process.
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Introduction

Pine plantations in the Southern U.S. are forecast to rise
by 67% from 32 million acres in 1999 to 54 million acres
in 2040 (Wear and Greis 2001). Loblolly pine (LP, Pinus
taeda L.) is the major species planted across the south
with 1–1.5 billion trees planted annually (Schultz 1999).
Clonal propagation technology is expected to play a
major role in future reforestation of LP and other
coniferous species if costs are acceptable and if a high-
enough percentage of high-value genotypes can be
successfully propagated and established in the plantation
setting (Timmis 1998).

Somatic embryogenesis (SE) has been reported for
many commercially important gymnosperms (Fowke et
al. 1993; Park 2002; Sutton 2002; Tautorus et al. 1991).
SE proceeds through a sequence of steps in vitro
including initiation, multiplication, maturation, and ger-
mination. Cultures may be stored cryogenically, facilitat-
ing low-cost storage, field evaluation, selection, and
recovery of the highest value clones. The first report of
SE in LP (Pinus taeda L.) occurred in 1987 (Gupta and
Durzan 1987). Since then several reports have focused on
LP along with abundant patent activity (Becwar and
Pullman 1995; Pullman and Webb 1994). Factors cur-
rently limiting commercialization of SE for LP include
low initiation, poor culture survival, culture decline over
time causing eventual loss of embryo production, and the
inability of somatic embryos to fully mature, resulting in
low germination and slow initial growth of somatic
seedlings.

Low initiation at 1–5% is often reported for LP
(Becwar et al. 1990; Becwar and Pullman 1995; Gupta
and Durzan 1987; Li and Huang 1996; Li et al. 1998).
Several patents contain methods for improved initiation
frequencies for LP (Becwar et al. 1995; Handley 1997,
1999), while Pullman and Johnson (2002) recently
reported 16% initiation across ten open-pollinated LP
families. These low levels have provided a block for the
scientific and commercial use of SE to multiply valuable
LP genotypes. To capture the gains of long-term LP
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breeding programs and genetic engineering improve-
ments, clonal propagation methods must work on a wide
range of genotypes.

Kapik (1994) and Kapik et al. (1995) used an indirect
ELISA method to estimate abscisic acid (ABA) levels in
loblolly pine zygotic tissues. ABA levels were calculated
either on a micromole basis assuming the endogenous
ABA was uniformly distributed throughout the available
water, or on a dry weight basis. When calculated on a
micromole basis, peaks occurred in mid-development and
at the end of embryo development (Fig. 1). ABA
concentrations presented on a dry weight basis showed
a different pattern, being highest in both female game-
tophyte and embryo tissues from early-stage embryos.
The presence of ABA throughout embryo development
suggested to us that ABA may improve culture initiation.

Ethylene is known to have significant effects on many
tissue culture systems including shoot culture, organo-
genesis, and embryogenesis. Although in some cases its
influence seems negligible, in many types of tissue
culture ethylene may act either as a promoter or inhibitor
depending on the species (Biddington 1992). Effects on
conifer SE seem to vary as well, ranging from an
ethylene-mediated reduced embryogenic tissue growth
(Kumar et al. 1989) or an inhibition of maturation (Kong
and Yeung 1994) to no alteration in growth or somatic
embryo maturation in Picea abies or P. sitchensis
(Kvaalen 1994; Selby et al. 1996). Several reports have
indicated improved embryogenesis when ethylene in-
hibitors, such as silver nitrate, were included in the
medium (Auboiron et al. 1990; Roustan et al. 1989,
1990). We speculated that changes in ethylene through

either stimulation or inhibition would improve LP initi-
ation.

Although low levels of initiation may occur without
auxin or cytokinin in other pines (Aitken-Christie and
Parkes 1996; Smith 1996), auxin and cytokinin activity
seem to be necessary for optimal LP initiation. As plant
science begins to understand the mode of action of auxins
and cytokinins, it is becoming clear that these plant
hormones initiate a chain of cascading events that end in
the resulting growth response (Hutchinson and Kieber
2002; Kepinski and Leyser 2002). Chemicals are becom-
ing known that can stimulate or inhibit particular steps of
the cascade. These chemicals may improve or substitute
for the activity of hormones. Guanosine 30:50–cyclic
monophosphate (cGMP) has been shown to be involved
in phytochrome signal transduction and hormone signal-
ing (Walden 1998) and can substitute for kinetin stimu-
lation of stomatal guard cell opening (Gehring 1999). In
the investigation reported here, we investigate the ability
of cGMP to substitute for or supplement auxin and or
cytokinin activity.

Activated carbon (AC) is known to adsorb cytokinins
(Ebert et al. 1993; Pullman and Gupta 1991). Pullman and
Gupta (1991) developed a working initiation medium for
Douglas-fir by supplementing the initiation medium with
2.5 g/l AC and increasing the 6-benzyladenine (BA) and
kinetin levels approximately 100 times to 0.2 mM each to
compensate for cytokinin adsorption by AC. Since the
initiation medium in the present study contains a small
amount of activated carbon (50 mg/l), it may be beneficial
to optimize the cytokinin content.

The objectives of the present research were: (1) to
determine the effect of ABA on LP culture initiation, (2)
to determine the effect of ethylene regulators on culture
initiation, (3) to determine the effect on initiation of
increased levels of cytokinin, and (4) to determine the
effect of cGMP on initiation. The overall focus of the
research in this report was the development of a SE
initiation system that would work across a diversity of
genetic material of Pinus taeda.

Materials and methods

Plant materials, seed sterilization, and dissection

Loblolly pine cones were collected weekly in early to mid-July
1996–1999 from the same individual open-pollinated mother trees
in clonal seed orchards, shipped on ice, and received within 24–
48 h. Collections also occurred in mid-January by Westvaco/
Rigesa, Celulose from breeding orchards near Canhinhas, Santa
Catarina, Brazil. Cones were stored at 4–5�C for 1–9 weeks. Those
containing seeds with embryos mostly at stages 2–4 (Pullman and
Webb 1994) were used for initiation tests as described by Pullman
and Johnson (2002).

Media, culture conditions, and replication

Medium 505 (Pullman and Johnson 2002, Table 1) was a starting
point for this research. Medium pH was adjusted with KOH or HCl
after the addition of all ingredients except the gelling agent or filter-

Fig. 1 (+) ABA levels in 1993 zygotic whole ovules, embryos and
female gametophytes on a micromole basis (seed source: WA 93).
Stages 9A, 9B, etc. are equivalent to 9.1, 9.2, etc. (Kapik 1994)
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sterilized materials. Media were autoclaved at 121�C for 20 min.
Explants were cultured on 2 ml of medium contained in individual
wells of Costar no. 3526 Well Culture Cluster Plates wrapped in
two layers of Parafilm and incubated at 23–25�C in the dark. Unless
otherwise indicated, experiments consisted of three replications of
ten explants per test medium and cone collection.

Extrusion and initiation success and statistical analysis

Within 1–4 weeks extrusion occurs when one or more zygotic
embryos push out of the megagametophyte micropylar end and
become visible, protruding from the gametophyte or onto the
medium. At 5–7 weeks, somatic embryos begin to form on the
zygotic embryos. These somatic embryos then continue the
proliferation or multiplication process to form a mass of embry-
ogenic tissue. These phases can be evaluated as percentage (%)
extrusion, percentage of explants forming three or more somatic
embryos (visible through a dissecting microscope), and percentage
of explants achieving a target mass or size. Percentage extrusion
and initiation (explants with three or more somatic embryos visible)
were routinely evaluated 9–10 weeks after placement of the
megagametophytes on media. Treatments were arranged in a
completely randomized design. Data were analyzed by analysis of
variance, and significant differences between treatment means were
determined by the Duncan Multiple Range Test at the 5% level of
significance. Extrusion and initiation percentages for individual
replicates were transformed by arcsin

ffiffiffiffiffiffiffiffi

ð%Þ
p

prior to ANOVA
analysis. ANOVA tests analyzed seed source as one of the factors
tested along with evaluation of interactions between factors. Seed
sources frequently differed significantly in response (P=0.05).

Unless indicated otherwise, interactions between factors were not
statistically significant.

Initiation on medium containing abscisic acid

Experiment 1

During the initiation process cultures form embryogenic tissue with
somatic embryos at stages 1–2 (Pullman and Webb 1994). Given
the information that zygotic embryos at stages 1 and 2 contain
approximately 1 mM ABA in the water associated with tissue fresh
weight (Kapik 1994; Fig. 1), we hypothesized that a similar level of
ABA added to the culture medium would improve culture
initiation. Since initiation medium 505 contains 50 mg/l AC and
AC is known to adsorb ABA (Pullman and Gupta 1991), an
experiment was designed with a 2�2 factorial arrangement to test
the effect of 0 mg/l or 1 mg/l ABA (3.7 �M) on initiation in the
presence and absence of AC. Medium 505 (Pullman and Johnson
2002) was altered to reduce the level of Gelrite from 2.0 g/l to
1.0 g/l (= medium 534). In this experiment, medium 534 was
modified and tested as follows: (534) no modification; (547)
addition of 1 mg/l ABA; (544) removal of 50 mg/l AC; (545)
removal of 50 mg/l AC and addition of 1 mg/l ABA. Cone
collections from each of three different mother trees were tested for
initiation with each medium.

Table 1 Media components for
loblolly pine initiation experi-
ments

Components Media and components (mg/l)

505 534 716 888 889 1042

NH4NO3 200.0 200.0 200.0 200.0 200.0 200.0
KNO3 909.9 909.9 909.9 909.9 909.9 909.9
KH2PO4 136.1 136.1 136.1 136.1 136.1 136.1
Ca(NO3)2·4H2O 236.2 236.2 236.2 236.2 236.2 236.2
MgSO4·7H2O 246.5 246.5 246.5 246.5 246.5 246.5
Mg(NO3)2·6H2O 256.5 256.5 256.5 256.5 256.5 256.5
MgCl2·6H2O 101.7 101.7 101.7 101.7 101.7 101.7
KI 4.15 4.15 4.15 4.15 4.15 4.15
H3BO3 15.5 15.5 15.5 15.5 15.5 15.5
MnSO4·H2O 10.5 10.5 10.5 10.5 10.5 10.5
ZnSO4·7H2O 14.688 14.688 14.688 14.688 14.688 14.688
Na2MoO4·2H2O 0.125 0.125 0.125 0.125 0.125 0.125
CuSO4·5H2O 0.1725 0.1725 0.1725 0.1725 0.1725 0.1725
CoCl2·6H2O 0.125 0.125 0.125 0.125 0.125 0.125
FeSO4·7H2O 13.9 13.9 13.9 13.9 13.9 13.9
Na2EDTA 18.65 18.65 18.65 18.65 18.65 18.65
AgNO3 – – 3.398 3.398 3.398 3.398
Maltose 15,000 15,000 15,000 15,000 15,000 15,000
Myo-inositol 20,000 20,000 20,000 20,000 20,000 20,000
Casamino acids 500 500 500 500 500 500
l-Glutaminea 450 450 450 450 450 450
Thiamine·HCl 1.0 1.0 1.0 1.0 1.0 1.0
Pyridoxine·HCl 0.5 0.5 0.5 0.5 0.5 0.5
Nicotinic acid 0.5 0.5 0.5 0.5 0.5 0.5
Glycine 2.0 2.0 2.0 2.0 2.0 2.0
NAA 2.0 2.0 2.0 2.0 2.0 2.0
BA 0.45 0.45 0.45 0.55 0.55 0.63
Kinetin 0.43 0.43 0.43 0.53 0.53 0.61
ABAa – – 1.0 1.0 1.0 –
8–Br–cGMPa – – – 10.0 mM 10.0 mM 10.0 mM
Activated charcoal 50 50 50 50 50 50
Gelrite 2,000 1,000 2,000 2,000 2,000 2,000
pH 5.7 5.7 5.7 5.7 5.7 5.7

a Added as a filter-sterilized solution after the medium had been autoclaved
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Experiment 2

Having observed the benefit of 1 mg/l ABA in Experiment 1, we
next tested medium 505 (Table 1) with ABA added at 0.25, 0.5, 1.0,
2.0, or 5.0 mg/l. Four seed sources were tested.

Experiment 3

A third experiment was carried out in a 2�4 factorial design using
medium 505 (Table 1) supplemented with 0 mg/l or 1.0 mg/l ABA
and four concentrations of glutamine (450, 650, 1,000, and
1,250 mg/l). Four seed sources were tested.

Initiation on medium containing silver nitrate

Experiment 4

Medium 505 was tested unmodified or supplemented with ethylene
inhibitors or an ethylene-releasing compound. Cobalt chloride
(10 mM and 50 mM) and nickel chloride (20 mM and 100 mM), two
ethylene biosynthesis inhibitors, were tested along with silver
nitrate (20 mM and 100 mM), which is an ethylene action inhibitor.
Ethephon, an ethylene-releasing compound, was also tested at
concentrations of 0.1, 1.0, and 10 mg/l. Cobalt chloride, nickel
chloride, and silver nitrate were added prior to autoclaving, and
ethephon was added subsequent to autoclaving as filter-sterilized.
Four cone collections were tested.

Experiment 5

Medium 505 supplemented with 0 mg/l or1.0 mg/l ABA and 0, 10,
20, or 30 mM AgNO3 was next tested with three cone collections in
a 2�4 factorial arrangement.

Initiation on medium containing 8-Br-cGMP

Experiments 6A and 6B

Two small experiments were conducted to determine if 8-Br-cGMP
(Calbiochem, Catalog no. 203820), a cell permanent cGMP
analogue, might be able to replace auxin, cytokinin, or both in
the initiation medium. In the first experiment, medium 505 was
tested (1) unmodified, (2) with the auxin (NAA) removed and
replaced by 10 �M 8-Br-cGMP, (3) with the cytokinins (BA/
kinetin) removed and replaced with 10 �M 8-Br-cGMP, (4) with
both auxin and cytokinins removed and replaced with 10 �M 8-Br-
cGMP, or (5) with medium 505 supplemented with 10 �M 8-Br-
cGMP. Four seed sources were tested. A similar experiment was
also carried out with the following changes. Basal salts of
medium 505 were altered to reduce the levels of boron and
calcium to 1/2- and 3/4-strength, respectively. Salt modifications
were based on ongoing experiments (data not shown) to mimic
metal concentrations present in female gametophyte tissue during
seed development (Pullman and Buchanan 2003). In addition, the
8-Br-cGMP content was increased in these treatments to 25 �M.

Experiment 7

Modified medium 888 (Table 1) was tested in a 2�4 factorial
arrangement with full-strength or 3/4-strength calcium combined
with four levels of 8-Br-cGMP (0, 5, 10, 15 �M). Three Brazilian
seed sources were tested.

Cytokinin optimization in the presence of AC

Experiment 8

Durzan and Gupta (1987) reported Douglas-fir initiation on
medium containing 20 mM each of BAP and kinetin with no AC,
while Pullman and Gupta (1991) reported initiation of Douglas-fir
using medium containing 2.5 g/l AC and 200 mM each of BA and
kinetin. This suggests that 2.5 g/l AC adsorbed 180 mM
(200 mM�20 mM=180 M) of each cytokinin. We estimated that
50 mg/l (1/50 of 2.5 g) AC would adsorb about 3.6 mM (0.8 mg) of
each cytokinin. In a preliminary experiment testing four cone
collections, we compared initiation on medium 505 (0.45/0.43 mg/l
BA/kinetin) and medium 505 with the levels of BA and kinetin
each approximately doubled to 1.0 mg/l.

Experiment 9

The results from experiment 8 suggested testing an intermediate
increase in cytokinins, therefore we decided to increase the level of
cytokinins in medium 505 by approximately 25%. Medium 505 was
tested in a 2�3 factorial design with two levels of cytokinins (0.45/
0.43 or 0.55/0.53 mg/l BA/kinetin) and three treatments testing (1)
no ABA or silver nitrate, (2) inclusion of 1.0 mg/l ABA and 20 mM
silver nitrate, and (3) inclusion of ABA (1.0 mg/l), 20 mM silver
nitrate, and 10 mM 8-Br-cGMP. Four cone collections from Brazil
were tested.

Experiment 10

This experiment again used a 2�4 factorial design, beginning with
medium 716 (Table 1), to test two levels of 8-Br-cGMP (0 mM and
10 mM) with four levels of cytokinins (0.45/0.43, 0.55/0.53, 0.63/
0.61, 0.76/0.74 mg/l BA/kinetin). All media contained a back-
ground of medium 505 salts, 1.0 mg/l ABA, and 20 mM AgNO3.

Removal of ABA and initiation across several years and media
with multiple families

Two years of initiation data confirmed the benefit of including
ABA in the initiation media. Late in 1997, it became apparent that
other laboratories had also experimented with the addition of ABA
to initiation media (Aitken-Christie and Parkes 1996; Handley
1997, 1999). U.S. Patents 5,677,185 and 5,856,191 were granted for
the use of ABA during somatic embryo initiation for a list of Pinus
species (Handley 1997, 1999). New Zealand researchers also
applied, a few days after Handley, for a world patent on a similar
concept for initiation in conifers and other woody species (Aitken-
Christie and Parks 1996). To avoid intellectual property issues, we
decided to run initiation tests with multiple seed sources using
media 945 with ABA removed (medium 1042).

Survival of new initiations over time

Li and Huang (1996) and Pullman and Johnson (2002) both
reported that new initiations lose the ability to grow over time.
Further, Pullman and Johnson (2002) divided the culture loss into
three categories: (1) new initiations that failed to grow when
transferred from the initiation medium; (2) cultures that grew
poorly for several subcultures after initiation and then stopped; (3)
cultures that grew well for a period, and then declined in growth
rate over time with eventual death. To confirm earlier observations,
new initiations from all initiation tests were pooled together during
1995 and 1996, grown on medium 16 with 2.5 g/l gellan gum
(Pullman and Johnson 2002), transferred every 2–3 weeks, and
survival by mother tree determined after 4–6 months. Also, to
examine this problem further, a population of 68 new initiations
were grown on the same medium, transferred every 3 weeks, and
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their rate of survival and contamination determined with every
transfer for a period of 15 weeks.

Results and discussion

Initiation on medium containing ABA

Experiment 1

Media containing ABA averaged higher initiation for
most seed sources (Table 2). While differences were not
statistically significant between individual treatments,
when analyzed with the 2�2 factorial design, ABA
treatments resulted in higher initiation (statistically sig-
nificant at P=0.10). The effect of ABA did not appear to
be altered by the presence of 50 mg/l AC.

Experiment 2

All levels of ABA added to the medium showed increased
average initiation (Table 3). Additions of 0.5 mg/l and
5.0 mg/l ABA resulted in statistically significant increases
in initiation at P=0.05.

Experiment 3

Extrusion and initiation percentages are shown in Table 4.
When analyzed using the factorial design Extrusion
percentage increased as glutamine increased; differences
between 450 mg/l and 1,250 mg/l glutamine were
statistically significant (P=0.05). Differences in extrusion
percentages were also statistically significant between

Table 2 Loblolly pine extru-
sion and initiation on media
containing low ABA levels
(SE standard error)

Media Activated
carbon
(mg/l)

ABA
(mg/l)

Extrusion
averagea

(%)

Seed source and initiation (€SE)

BC-2 Wv-J2 UC 10–5 Averagea (%)

544 0 0 24.4a 0 3.3€3.3 0 1.1a
545 0 1.0 29.2a 13.3€13.3 6.7€6.7 6.7€6.7 8.9a
534 50 0 27.8a 6.7€6.7 6.7€6.7 0 4.4a
547 50 1.0 38.9a 6.7€3.3 13.2€8.8 6.7€6.7 8.9a

a Three replications of ten explants were tested per medium for each seed source. Values followed by
the same letter within columns are not statistically different by Duncan Multiple Range Test at P=0.05.
Analyses for extrusion and initiation are based on arcsin

ffiffiffiffiffiffiffiffi

ð%Þ
p

transformation

Table 3 Loblolly pine extru-
sion and initiation on media
containing 0–5 mg/l ABA
(SE standard error)

Media ABA
(mg/l)

Extrusion
averagea

(%)

Seed source and initiation (€SE)

UC7-1051 BC-5 Wv-J2 UC11-1057 Averagea (%)

505 0 50.0a 6.7€3.3 10.0€5.8 6.7€3.3 0 5.8a
593 0.25 56.7a,b 16.7€6.7 3.3€3.3 13.3€3.3 3.3€3.3 9.2a,b
594 0.5 61.7b 16.7€6.7 16.7€6.7 13.3€3.3 13.3€6.7 15.0b,c
595 1.0 60.0a,b 6.7€6.7 13.3€6.7 10.0€5.8 10.0€10.0 10.0a,b
596 2.0 62.5b 6.7€3.3 16.7€6.7 6.7€3.3 10.0€10.0 10.0a,b
597 5.0 62.5b 10.0€5.8 23.3€12.0 23.3€3.3 30.0€11.5 21.7c

a Three replications of ten explants were tested per medium for each seed source. Values followed by
the same letter within columns are not statistically different by Duncan Multiple Range Test at P=0.05.
Analyses for extrusion and initiation are based on arcsin

ffiffiffiffiffiffiffiffi

ð%Þ
p

transformation

Table 4 Loblolly pine extrusion and initiation on media containing 0–1.0 mg/l ABA combined with 450–1,250 mg/l glutamine (SE
standard error)

Media ABA/glutamine
(mg/l)

Extrusion
averagea (%)

Seed source and initiation (€SE)

UC5-1036 BC-3A BC-3B Wv-J2 Averagea (%)

505 0/450 35.3a 17.0€3.0 3.3€3.3 0 0 5.1a,b
609 0/650 41.4a,b 0 3.3€3.3 0 0 0.8a
610 0/1000 52.1a,b,c 17.8€9.7 10.0€5.8 0 3.3€3.3 7.8b,c
611 0/1250 49.0a,b,c 4.2€4.2 6.7€6.7 0 0 2.7a,b
595 1.0/450 58.3c,d 10.4€5.8 23.3€3.3 10.0€5.8 16.7€3.3 15.1d
612 1.0/650 53.9b,c 21.1€6.7 23.3€3.3 6.7€3.3 10.0€0 15.3d
613 1.0/1,000 52.4a,b,c 31.4€13.2 16.7€8.8 6.7€6.7 3.3€3.3 14.5c,d
614 1.0/1,250 70.2d 31.1€14.8 20.0€5.8 10.0€0 13.3€8.8 16.9d

a Three replications of ten explants were tested per medium for each seed source. Values followed by the same letter within columns are
not statistically different by Duncan Multiple Range Test at P=0.05. Analyses for extrusion and initiation are based on arcsin

p
(%)

transformation
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media differing in ABA levels, increasing from 44% to
59%. Initiation percentages, however, did not increase
with increasing glutamine, indicating that as extrusion
increased in response to glutamine, somatic embryo
formation on extruded tissues decreased. ABA again
increased initiation as seen in prior experiments, and
differences were again statistically significant. Average
initiation on media without ABA was 4.1% versus 15.5%
on media with 1.0 mg/l ABA.

All concentrations of ABA tested (0.25–5.0 mg/l)
increased initiation, and the addition of 1 mg/l ABA
produced consistent increases in initiation. Handley
(1997, 1999) also reported, in two U.S. patents, increased
initiation in loblolly pine using 5–120 mg/l ABA. Aitken-
Christie and Parkes (1996) found that ABA increased
initiation in Pinus radiata using dissected fertilized
embryos at the pre-cotyledonary bullet stage and media
without auxins or cytokinins present.

It is interesting to note that the range of ABA we found
effective (0.25–5.0 mg/l=0.96–19.2 �M) covers the con-
centration range (1–4 �M) that Kapik (1994; Fig. 1) found
in stage 1–2 zygotic embryos and female gametophyte
when he assumed ABA is dissolved in embryo or
megagametophyte water. Both Kong et al. (1997) and
Carrier et al. (1999) measured ABA in developing seed
tissues of white spruce. Kong et al. (1997) found ABA to
be present in whole seed from 0–4 weeks after fertiliza-
tion at levels of about 5–6 ng/seed. After 4 weeks, ABA
increased, followed by a decrease at 6 weeks. Carrier et
al. (1999) found ABA to be present at the highest
concentrations in both the megagametophyte and seed
coat 11 days after pollination (before fertilization). When
calculated on a water content basis, ABA concentration in
the whole seed was 11 �M 11 days after pollination and
7 �M 38 days after pollination (when pro-embryos were
first present). Thus, ABA embryo content was the highest
during early embryo development.

The presence of ABA in early-stage embryos and
female gametophyte tissue suggests a role in embryo
development. Kong et al. (1999) point out that the high
levels of (+) ABA observed in their investigation and in
LP (Kapik et al. 1995) occurred prior to the major
increase in seed weight. Alternative hypotheses include
ABA stimulation of cleavage polyembryony or enhanced

tolerance of stress. High endogenous ABA levels in
zygotic embryos are present when embryo multiplication
through cleavage polyembryony is active (Becwar and
Pullman 1995; MacKay et al. 2001). Krueger and Becwar
(2001) reported that ABA added to the post-cryopreser-
vation recovery medium improved growth and somatic
embryo production from cryopreserved LP embryogenic
tissue lines. We also found post-initiation culture growth
to be improved on medium containing ABA (data not
presented). Both of these stimulatory effects of ABA are
on embryogenic tissue overcoming stressful treatments.

Initiation on medium containing silver nitrate

Experiment 4

Extrusion and initiation in medium 505 averaged 47.8%
and 1.6%, respectively, across all cone collections (data
not presented). Extrusion differences between unmodified
medium 505 and other media were not statistically
significant except for the medium containing 100 mM
silver nitrate where extrusion was reduced to 21.7%.
Differences in initiation between unmodified medium 505
and other media were not statistically significant except
for the medium containing 20 mM silver nitrate where
initiation increased to 7.6%. In medium 505 only one
cone collection produced embryogenic tissue, whereas in
medium 505+20 mM silver nitrate three of the four cone
collections produced initiations. In these tests the ethylene
promoter, ethephon, and ethylene biosynthesis inhibitors,
CoCl2 and NiCl2, did not increase initiation. However,
AgNO3, an ethylene action inhibitor, increased initiation
when added to medium at 20 mM, suggesting further
testing. The interaction between seed source and treat-
ment was statistically significant (P=0.05).

Experiment 5

Media supplemented with ABA again showed signifi-
cantly higher initiation. The combination of ABA and
AgNO3 further increased initiation (Table 5). AgNO3 at
concentrations of 20–30 mM appeared to be optimal. The

Table 5 Loblolly pine extru-
sion and initiation on media
containing 0–1.0 mg/l ABA
combined with 0–30 mM silver
nitrate (SE standard error)

Media ABA/AgNO3
(mg/l/mM)

Extrusion
averagea

(%)

Seed source and initiation (€SE)

UC5-1036 UC11-1123 C8-76 Averagea (%)

505 0/0 32.2a 3.3€3.3 0 3.3€3.3 2.2a
713 0/10 34.4a 16.7€8.8 0 0 5.6a,b
642 0/20 31.1a 10.0€5.8 0 0 3.3a
714 0/30 26.7a 3.3€3.3 3.3€3.3 6.7€6.7 4.4a,b
595 1.0/0 37.8a 13.3€3.3 3.3€3.3 0 5.6a,b
715 1.0/10 26.7a 3.3€3.3 13.3€8.8 0 5.6a,b
716 1.0/20 28.9a 23.3€3.3 3.3€3.3 13.3€3.3 13.3c
717 1.0/30 26.7a 13.3€6.7 10.0€5.8 10.0€5.8 11.1b,c

a Three replications of ten explants were tested per medium for each seed source. Values followed by
the same letter within columns are not statistically different by Duncan Multiple Range Test at P=0.05.
Analyses for extrusion and initiation are based on arcsin

p
(%) transformation
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addition of ABA to the medium resulted in a statistically
significant increase in initiation averages from 3.9% to
8.9%. AgNO3 increased initiation averages from 3.9% (no
AgNO3) to 8.3% (20 mM AgNO3), but the differences
were not statistically significant. Additional experiments
(data not shown) were carried out with medium 505—(1)
with no or 1 mg/l ABA alone, (2) 10–30 mM AgNO3
alone, or (3) ABA and silver nitrate together. All
experiments showed improved initiation with ABA alone.
Silver nitrate alone was not always beneficial. The
combination of silver nitrate and ABA often caused the
highest initiation. The most consistently beneficial
amount of silver nitrate combined with ABA was 20 mM.

Ethephon, an ethylene-releasing agent, and two ethyl-
ene biosynthesis inhibitors, cobalt and nickel chloride, did
not alter initiation for LP. However; silver nitrate, when
added to medium in the range of 20 mM to 30 mM,
increased initiation in LP, especially when combined with
ABA. Silver ions, in the form of nitrate or thiosulphate,
are a strong inhibitor of ethylene action (Beyer 1976).
Silver nitrate and other ethylene inhibitors may stimulate
embryogenesis in species having high endogenous levels
of ethylene and inhibit embryogenesis in species with a
lower endogenous ethylene concentration (Biddington et
al. 1988; Cho and Kasha 1989). When Wann et al. (1989)
compared ethylene production in embryogenic and non-
embryogenic tissue for five coniferous species, including
LP, ethylene production in non-embryogenic tissue was
always greater than that in embryogenic tissue, with the
differences ranging from 2.4- to 345-fold. Loblolly pine
showed the greatest difference between embryogenic and
non-embryogenic tissue of all of the species studied,
thereby supporting the hypothesis that low ethylene
exposure is necessary for initiation. Wann et al. (1989)
were able to predict embryogenic tissue production in
advance of visual appearance for some cultures based on
ethylene evolution. The two spruce species examined,
Picea abies and P. glauca, showed ethylene differences of
only 11.7- and 2.4-fold, respectively.

Media supplementation with silver nitrate improves
embryogenesis in numerous angiosperms, including car-
rot (Roustan et al. 1990), coffee (Fuentes et al. 2000), and
date palm (Al-Khayri and Al-Bahrany 2001). Ethylene
has been shown to accumulate during embryogenesis in
P. glauca and at higher levels inhibited embryogenesis
(Kumar et al. 1989). However, in Picea sitchensis and P.
abies, manipulations in ethylene did not alter embryo-
genic tissue growth or maturation (Kvaalen 1994; Selby et
al. 1996). The presence of ethylene inhibitors such as
silver nitrate has been shown to benefit white spruce
maturation (Kong and Yeung 1994, 1995). In one of the
few studies examining the effects of silver nitrate on
initiation and embryogenic tissue growth in conifers, the
presence of 10–100 mM AgNO3 in induction medium
reduced embryogenesis and the recovery of blue spruce
plantlets (Afele and Preveen 1995). Li and Huang (1996)
tested the effect of silver nitrate on LP initiation and saw
benefits in the same concentration range as our work.
When their medium, a modification of that of Gupta and

Pullman (1991), was supplemented with 29.4 �M AgNO3,
initiation increased from 0% to 3% in the first year of the
study and from 3% to 5.3% in the second year.

Initiation on medium containing 8-Br-cGMP

Experiments 6A and6B

For both experiments, 8-Br-cGMP had similar effects. In
general, all of the treatments in which 8-Br-cGMP
substituted for auxin or cytokinin showed reduced
extrusion and initiation, suggesting that 8-Br-cGMP does
not substitute for auxin or cytokinin activity (differences
were not statistically significant). Both of the treatments
in which the control medium was supplemented with
10 �M or 25 �M 8-Br-cGMP showed either initiation for
some cone collection(s) not seen with other treatments or
raised initiation averages (not statistically significant).
The interaction in Experiment 6B between seed source
and treatment was statistically significant (P=0.05).

Experiment 7

Extrusion percentage differences between treatments
were not statistically significant (Table 6), while initiation
percentage differences between treatments were statisti-
cally significant (Table 6). As seen in prior experiments,
medium 505 produced less initiation than treatments
containing ABA and silver nitrate. Initiation on media
differing in calcium content or 8-Br-cGMP content did
not differ significantly. However, when an analysis was
performed using the factorial arrangement, medium
supplemented with 10 mM 8-Br-cGMP resulted in the
highest average initiation. Two of the three cone collec-
tions tested showed the highest initiation on medium 889,
which contains ABA, AgNO3, and 10 mM 8-Br-cGMP.
See also the results for experiment 9.

The addition of the cell-permeable analogue of cGMP,
8-Br-cGMP, often did not cause statistically significant
increases in initiation. However, initiation averages were
usually higher in the presence of 8-Br-cGMP, and some
cone collections appeared to respond favorably to 8-Br-
cGMP. With the potential benefit and no discernable
disadvantages other than cost, we decided to leave this
ingredient in the medium for now. When initiation levels
improve further we will retest the value of this medium
component.

Cytokinin optimization in the presence of AC

Experiment 8

Initiation on medium 505 averaged 5% versus that on
media with increased cytokinin (4%); the differences
were not statistically significant. This suggested to us that
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we may have raised the level of the cytokinins too much
and should test lower concentrations of the supplements.

Experiment 9

Extrusion percentages did not differ significantly
(P=0.05) between treatments (Table 7). However, initia-
tion successively increased as silver nitrate, ABA, raised
levels of cytokinins, and 8-Br-cGMP were each added

(Table 7). The differences were statistically significant
between media containing none versus all of these
additives. When analyzed by the 2�3 factorial arrange-
ment, raised cytokinin levels increased initiation from
21.3% to 26.7%; the differences were statistically signif-
icant at P=0.06. When initiation results from media 886–
889 (Table 7) were analyzed by a 2�2 factorial arrange-
ment with two levels of cytokinin and two levels of
cGMP, an increase in the level of cytokinin increased
initiation from 22.1% to 29.6% and the inclusion of

Table 6 Loblolly pine extrusion and initiation on media varying in calcium and 8-Br-cGMP content (SE standard error)

Mediaa CaNO3.4H2O
(mg/l)

8-Br-cGMP
(mM)

Extrusion averageb

(%)
Seed source and initiation (€SE)

Wv-FO Wv-FT Wv-FU Averageb (%)

505 236.2 0 39.4a 17.4€3.8 16.7€6.7 13.3€8.8 15.8a
888 236.2 0 43.3a 36.7€6.7 13.3€3.3 33.3€8.8 27.8b,c
889 236.2 5 46.7a 20.4€5.5 20.0€10 10.0€0 33.3c
904 236.2 10 45.1a 50.0€5.8 33.3€3.3 16.7€8.8 16.8a,b
905 236.2 15 48.9a 36.7€8.8 17.4€3.8 26.7€12 26.9a,b,c
906 177.2 0 51.5a 28.3€6.0 23.7€6.3 43.3€12 31.8c
907 177.2 5 51.8a 41.8€11 20.0€5.8 30.0€5.8 30.6c
908 177.2 10 41.1a 33.3€6.7 20.0€10 36.7€3.3 30.0c
909 177.2 15 45.6a 43.3€3.3 10.0€5.8 20.0€0 24.4a,b,c

a Medium 505 (Table 1) does not contain ABA, AgNO3 or increased levels of cytokinins. Media 888–909 contain ABA (1.0 mg/l), 20 mM
AgNO3 and increased levels of cytokinins (0.55/0.53 BA/kinetin)
b Three replications of ten explants were tested per medium for each seed source. Values followed by the same letter within columns are
not statistically different by Duncan Multiple Range Test at P=0.05. Analyses for extrusion and initiation are based on arcsin

p
(%)

transformation

Table 7 Loblolly pine extrusion and initiation on media containing 0–1.0 mg/l ABA, 0–20 mM silver nitrate, two levels of cytokinins, and
0–10 mM 8-Br-cGMP (SE standard error)

Media ABA (mg/l)/AgNO3
(mM)/BA (mg/l)/kinetin
(mg/l)/8-Br-cGMP (mM)

Extrusion
averagea

(%)

Seed source and initiation (€SE)

Wv-FV Wv-FT Wv-FO Wv-FR Averagea (%)

505 0/0/0.45/0.43/0 52.5a,b 16.7€6.7 33.3€6.7 26.7€14.5 3.3€3.3 20.0a
716 1.0/20/0.45/0.43/0 51.7a 10.0€5.8 26.7€12.0 43.3€8.8 0 20.0a
886 1.0/20/0.45/0.43/10 60.8a,b 30.0€0 23.3€6.7 30.0€15.3 13.3€3.3 24.2a,b
887 0/0/0.55/0.53/0 55.0a,b 16.7€8.8 26.7€8.8 26.7€6.7 13.3€3.3 20.8a
888 1.0/20/0.55/0.53/0 58.3a,b 36.7€8.8 33.3€6.7 16.7€6.7 20.0€11.5 26.7a,b
889 1.0/20/0.55/0.53/10 61.7b 26.7€3.3 23.3€3.3 56.7€13.3 23.3€3.3 32.5b

a Three replications of ten explants were tested per medium for each seed source. Values followed by the same letter within columns are
not statistically different by Duncan Multiple Range Test at P=0.05. Analyses for extrusion and initiation are based on arcsin

p
(%)

transformation

Table 8 Loblolly pine extrusion and initiation on media varying in cytokinin and 8-Br-cGMP content (SE standard error)

Media BA (mg/l)/kinetin
(mg/l)/8-Br-cGMP (mM)

Extrusion
averagea (%)

Seed source and initiation (€SE)

UC5-1036 UC11-1123 UC11-1157 S4PT6 Averagea (%)

716 0.45/0.43/0 47.5a,b 26.7€17.6 3.3€3.3 21.7€6.0 3.3€3.3 13.8a
888 0.55/0.53/0 49.2a,b 33.3€14.5 3.3€3.3 33.3€3.3 6.7€3.3 19.2a,b,c
943 0.63/0.61/0 53.3b 36.7€33.3 20.0€10.0 53.3€13.3 10.0€5.8 30.0d
944 0.76/0.74/0 49.4a,b 33.3€8.8 0 35.8€8.7 16.7€3.3 21.5a,b,c,d
886 0.45/0.43/10 39.4a 30.0€11.5 6.7€6.7 25.8€8.8 0 15.6a,b
889 0.55/0.53/10 54.2 b 50.0€5.8 10.0€5.8 33.3€6.7 10.0€5.8 25.8c,d
945 0.63/0.61/10 44.4a,b 46.7€3.3 0 21.7€1.7 3.3€3.3 17.9a,b,c
946 0.76/0.74/10 50.8a,b 30.0€5.8 6.7€3.3 40.0€5.8 13.3€3.3 21.7b,c,d

a Three replications of ten explants were tested per medium for each seed source. Values followed by the same letter within columns are
not statistically different by Duncan Multiple Range Test at P=0.05. Analyses for extrusion and initiation are based on arcsin

p
(%)

transformation
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10 �M 8-Br-cGMP resulted in initiation increasing from
23.3% to 28.3%. The differences were statistically
significant at P=0.10 for both changes.

Experiment 10

All of the increased cytokinin levels resulted in greater
initiation, with the differences being statistically signif-
icant (Table 8). When analyzed in the factorial design, the
four increased levels of cytokinins resulted in average
initiation percentages of 14.7%, 22.5%, 24.0%, and
21.6%, respectively. 8-Br-cGMP did not change initia-
tion, but as seen in earlier experiments, some cone
collections respond well to 8-Br-cGMP (see data for
UC 5-1036, Table 8). An optimal level of cytokinins
appeared to be 0.63 mg/l BA and 0.61 mg/l kinetin. A
statistically significant interaction occurred between cy-
tokinin level and cGMP, suggesting that cGMP was not
effective at lower cytokinin concentrations.

Optimization of the cytokinin levels resulted in
statistically significant increases in initiation. Increasing
both BA and kinetin from 0.45/0.43 mg/l to 0.63/0.61 mg/
l, an increase of approximately 40%, raised initiation in
the presence of 50 mg/l AC. Fifty milligrams per liter AC
adsorbed approximately 0.36 mg/l of combined cy-
tokinins or 7.2 mg adsorbed per gram AC. This was
lower than our original estimate that 50 mg/l AC may be
able to adsorb about 0.9 mg of each cytokinin. Van
Winkle (2000), using a liquid medium based on 1/2-BLG
and the same level of AC that we use, observed that 0.3 g/
l AC-T1 adsorbed 63.4 mg/l to 64.5 mg/l BA after 6 h or
15 days, respectively. Ebert et al. (1993) reported that
2.5 g/l AC adsorbed 99.4% (11.12 mg/l) of the BA in a
5�10-5 M (11.25 mg/l) liquid solution within 5 days. Both
Ebert and Taylor (1990) and Van Winkle et al. (2003)
observed faster adsorption of materials by AC in liquid
media.

Removal of ABA and initiation rates across several years
and media with multiple families

Initiation results for 1996–1999 for seed from many open-
pollinated trees on several media are shown in Table 9.
Initiation on medium 505 averaged 8.5% and 7.4% during
the 1996 and 1997 experiments. With the addition of
ABA, AgNO3, 8-Br-cGMP, and increased cytokinin
[0.55 mg/l BA and 0.53 mg/l kinetin (medium 889)],
initiation almost tripled, averaging 17.9% across 32
families. When cytokinins were optimized at 0.63 mg/l
BA and 0.61 mg/l kinetin and ABA was removed
(medium 1042), initiation was similar, averaging 18.2%
across 19 families.

Table 9 Loblolly pine seed sources and media used for initiation
tests during 1996, 1997, 1998, and 1999 (SE standard error)

Tree
identificationa

Initiation year (medium)

1996
(505)

1997
(505)

1998
(889)

1999 (1042)

S4PT6 (BC-1) 6.7c 10 1.1 [3 trials]d

BC-2 0.0
BC-3 3.2
BC-5 9.3
BC-9 10.7
TTC 1-11 0
BW 1-516 16.7
TTC 3-1 11.7
TTC 3-17 6.7
UC/IP 5-1036 7.9 3.3 25.6 10 [2]
TTC 5-1501 16.7
UC/IP 5-1507 8.9 15 [2]
C 7-2 0
TTC 7-3 0
TTC 7-34 41.7
M 7-56 6.7
M 7-56 10
C 7-88 1.7
TTC 7-100 1.7 3.3
C 7-100 0
UC/IP 7-1051 4.5 3.3 3.4 14.2 [3]
C 8-76 4.8
M 9-1019 7.2
C 10-14 0
C 10-38 6.7
UC10-1027 13.8
UC11-1055 3.3 2.2 16.2
TTC11-1055 15 [2]
UC/IP 11-1057 15.3 23.7 21.4 30
UC11-1066 10.0
UC11-1069 4.4
UC11-1123 1.3 3.3
TTC 18-102 1.9
UC18-120 0
UC/IP 18-1212 23.6 21.1 1.7
M 21-6 56.7
C-21D 6.7
WV A4 0
WV B4 6.6
WV C4 18.8 31.0
WV D4 8.9
WV E4 0
WV Fb 11
WV FOb 53.4
WV FRb 23.3
WV FTb 28.3
WV FUb 16.7
WV FVb 26.7
WV G 0
WV H-2, -3, -4 6.7 26.7 29.3
WV I-2, -3 3.3 12.2
WV J-2, -3 7.0 10.3
WV K-2, 3 19.0 8.9
WV L-4 25.6
WV M4 36.7
WV N4 41.7
WV O4 28.4
WV U5 13.3
WV V5 52.4
C-LSG91 3.3
Overall 7.4% 8.5% 17.9% 18.2%

a BC, Boisie Cascade; BW, Bowater; C, Champion; IP, Interna-
tional Paper; M, Mead; TTC, The Timber Company; UC, Union
Camp; WV, Westvaco, b Winter initiation with cones from Brazil
c Percentage initiation, d Number of trials is denoted in square
brackets
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Survival of new initiations over time

During 1995 and 1996, a combination of new initiations
from medium 505 and modifications thereof were tracked
for survival from 18 open-pollinated families. In 1995,
new initiations from 436 explants were tracked over
6 months, resulting in 97 surviving cultures—a 22%
survival rate. In 1996, an additional 765 new initiations
were followed for 4–6 months, resulting in 249 surviving
cultures—a 33% survival rate. Figure 2 demonstrates how
the initial phase of culture loss occurred. Approximately
80% of the new initiations never grew after transfer onto
the multiplication medium. A further 5% did not grow
initially but slowly recovered and began growth later. This
population was not tracked long enough to observe culture
decline after 6 months. In this experiment, a significant
number of cultures were lost due to contamination.

The inability of new initiations of LP to become stable
multiplying cultures represents a major limitation for
future commercial use of SE technology. Culture survival
after initiation was found to be 22–33% after 4–6 months.
Most of the loss occurred when embryogenic tissue grown
on the initiation medium failed to continue growth when
transferred to a multiplication medium. Since we use the
visual presence of at least three somatic embryos (seen
through a dissecting scope) as an indicator of initiation, it
is possible that many cultures begin the initiation process
and then abort. An alternative hypothesis is that new
embryogenic tissue formed on the initiation medium
cannot adjust to changes in medium ingredients as the
tissue is transferred to multiplication medium.

Conclusions

When this research began, initiation for LP on medium 505
(Pullman and Johnson 2002) averaged 8% across 25
diverse cone collections over 2 years (Table 9). Medi-
um 505 was developed through the use of megagameto-
phyte osmotic profile research (Pullman 1997), modeling
AC uptake of 2, 4-dichlorophenyloxyacetic acid (Toering
1995) and research aimed at understanding the effect of

pH and AC on mineral availability (Van Winkle 2000;
Van Winkle and Pullman 2003; Van Winkle et al. 2003).
We continued with the approach of improving the tissue
culture process by studying natural embryo development
and the change in the availability of components in a
medium over time by testing the effect on initiation of
media supplementation with ABA concentrations similar
to the endogenous ABA levels found in seed tissues as
well as the addition of compounds involved in hormone
signaling or the enhancement/repression of ethylene. The
modification of medium 505 through the addition of
3.7 mM ABA, 20 mM AgNO3, 10 mM 8-Br-cGMP, and
increased levels of cytokinins (2.44 mM BA and 2.46 mM
kinetin) almost tripled initiation to 17.9% across 32
families. With cytokinins further optimized at 2.80 mM BA
and 2.83 mM kinetin and the ABA removed, initiation
across 19 families averaged 18.2%.
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