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Abstract: Development of hybrid pines of Pinus radiata D. Don for commercial forestry presents
an opportunity to diversify the current resource of plant material. Climate change and different
land uses pose challenges, making alternative species necessary to guarantee wood and non-wood
products in the future. Pinus radiata var. cedrosensis × Pinus attenuata hybrid possesses different
attributes, such as tolerance to drought conditions, better growth and resistance to snow damage at
higher altitudes, and more importantly, different wood quality characteristics. Embryogenic cell lines
were successfully initiated reciprocal hybrids using as initial explants megagametophytes, excised
zygotic embryos and excised zygotic embryos plus nurse culture. However, the questions raised were:
does the initiation environment affect the conversion to somatic plantlets months later? Does the
mother tree or the cross have an effect on the conversion to somatic plantlets? In the present work we
analysed the maturation rate, number of somatic embryos, germination rate, and the ex-vitro growth
in cell lines derived from different initiation treatments, mother tree species, and crosses. Differences
were not observed for in vitro parameters such as maturation and germination. However, significant
differences were observed due to the mother tree species in relation with the ex-vitro growth rates
observed, being higher those in which P. radiata acted as a mother. Moreover, embryogenic cell lines
from these hybrids were stored at −80 ◦ C and regenerated after one and five years.
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1. Introduction
Pinus spp. are frequently used in reforestation programs and, specifically, Pinus
radiata D. Don is one of the most cultivated species in New Zealand and Spain because
of its fast growth and wood production. However, several stresses derived from climate
change can affect the productivity of plantations. This has contributed to a growing
interest in the potential of pine hybrids. For instance, the commercial development of the P.
patula × P. tecunumanii hybrid in South Africa to improve Fusarium circinatum (Pitch canker)
resistance of susceptible P. patula has been a major success story in plantation forestry [1,2].
Hybrids of US southern pines with Mexican pines [2–4] may offer opportunities to improve
wood properties and create “varieties” better adapted to specific exotic environments
or to variable climatic conditions. According to the predictions, climatic change will
increase the incidence and severity of droughts in ecosystems worldwide [5]. Different pine
species, in comparison with radiata pine, possess different attributes, such as tolerance to
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subtropical climatic conditions, better growth at higher altitudes, susceptibility to disease,
and, importantly, different wood quality characteristics [6]. P. attenuata, for instance, can
potentially contribute to drought, cold and snow damage resistance acquisition in P. radiata,
which does not have those attributes [6]. In this sense, hybrid pines have been recognised
as an opportunity for the future [7,8]. Bearing in mind the information about P. attenuata
pure species, some years ago we started studying the drought stress tolerance mechanism
of the hybrid P. attenuata × P. radiata trying to understand the mechanisms involved in this
process [9]. This hybrid showed higher drought tolerance than breeds from pure species
from different geographical and climatological growth areas [10–12]. Moreover, some field
studies have been carried out to evaluate the performance of the P. attenuata × P. radiata
hybrid for afforestation in New Zealand [7].
Conifer propagation methodologies such us somatic embryogenesis (SE) facilitate
multiplication and storage of embryogenic tissue while field testing takes place. These
technologies are well established for P. radiata [13–15] but have not been developed for the
Pinus radiata × Pinus attenuata hybrid. For this reason, SCION (New Zealand) and Neiker
(Spain) focused on testing and modifying existing P.radiata protocols to produce hybrid
plants for field trials [8].
Several studies carried out in our lab in Pinus spp. have showed the effect of environmental conditions during initiation of SE process in the subsequent stages of the
process [16–18]. Taking into account our previous studies, we were interested in following
the effect of the physical and chemical environment of SE process in P. radiata × P. attenuata
hybrid and in answering to the following questions:
1.
2.

Does the presence of initiation environment inhibit or enhance the success of the
process?
What is the effect of the mother (i.e., P. radiata or P. attenuata as the female parent) in
embryonal mass conversion to somatic plants?

2. Materials and Methods
2.1. Plant Material
Proseed, a commercial seed orchard located at Amberley (North Canterbury, New
Zealand) provided all the test material for this investigation. Green cones were collected
from two hybrid crosses, Pinus attenuata × P. radiata var. cedrosensis and Pinus radiata var.
cedrosensis × P. attenuata. Both hybrid crosses were control pollinated with a mixture of
pollen parents (polycross) of the respective species. Details of crosses in respect to their
relatedness were described in [8].
Green cones were stored at 4 ◦ C for one-three days depending on when each cross
was put into culture [19]. As described in [8] four collections were made from December to
January corresponding to zygotic embryo stages 1 to 6 according to scoring system given
by [13].
2.2. Culture Conditions and Initiation of Embryonal Masses
Immature seeds were aseptically removed from the seed coat and given one of the
following three treatments (treatment and media details follow the treatment outlines):
Treatment 1: Megagametophyte + Glitz medium
Treatment 2: Excised zygotic embryo (ZE) + Glitz medium
Treatment 3: Excised ZE + Glitz medium + Nurse
Glitz medium [13] is a modified Litvay medium [20] (Table 1) supplemented with
4.5 µM 2,4-dichlorophenoxyacetic acid, 2.7 µM benzyladenine, and 3 g L−1 of gellam gum
(Gelrite® ; Duchefa, Haarlem, The Netherlands). Amino acids were filter-sterilised but not
pH-adjusted and were added to the autoclaved medium.
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Table 1. Basal media composition for the different media used along the somatic embryogenesis process in Pinus attenuata × Pinus radiata and the reciprocal hybrid: Glitz medium, embryo development
medium (EDM) and half-strength modified Lepoivre medium (LP 1/2 Modified).
Chemicals (mg/L)
Ca(NO3 )2 ·4H2 O
CaCl2 ·2H2 O
KNO3
MgSO4 ·7H2 O
NaNO3
NH4 H2 PO4
NH4 NO3
KH2 PO4
FeSO4 ·7H2 O
Na2 EDTA·2H2 O
ZnSO4 ·7H2 O
H3 BO3
MnSO4 ·4H2 O
CuSO4 ·5H2 O
KI
CoCl2 ·6H2 O
Na2 MoO4 ·H2 O
Thiamine HCl
Nicotinic acid
Pyridoxine HCl
Casein hydrolisate
Glutamine *
Asparagine *
Arginine *
L-Citrulline *
L-Ornithine *
L-Lysine *
L-Alanine *
L-Proline *
Myo-inositol
Sucrose
Medium pH

Glitz

EDM

11
950
925

25
1431
400
310
225

LP 1/2 Modified
417.5

825
170
30
40
43
31
21
0.5
4.15
0.125
1.25
5
5
0.5
1000
500

100
30,000
5.7

900
220

30
40
25
8
3.6
2.4
1
0.2
0.2
5
5
0.5

200
337.5
30
40
8.6
6.2
1
0.025
0.08
0.025
0.25
0.1
0.5
0.5

550
525
175
19.75
19
13.74
10
8.75
1000
60,000
5.7

100
30,000
5.8

* Filter-sterilised stock solution was added after autoclaving and cooling to 60 ◦ C.

For treatment 3 each dissected ZE was placed on a sterile piece (3 cm × 3 cm) of
Nybolt nylon screen (Scapa Filtration, 30-µm-diameter mesh) on top of a P. radiata nurse
culture. The nurse tissue used consisted of a vigorously growing P. radiata cell line that had
been maintained by routine subculture to Glitz 2 [8] at 14-day intervals for approximately
ten years. This line has no regenerative capability using current Scion somatic embryo
maturation protocols. There were three individual nurse cultures per Petri dish, each
consisting of approximately 150–250 mg of fresh tissue with a square of Nybolt lightly
pressed on to the top of the callus tissue; care was taken to ensure that the callus was
vented, and the nylon screen was not forming a complete seal on the media surface. The
nurse treatments were applied for seven days and then the screen was shifted to a fresh
dish of Glitz for further culture.
Following the initial application of treatments, cultures were incubated under low light
(5 µmol m−2 s−1 ) at 24 ± 1 ◦ C. Four weeks after initiation, all responding explants were
transferred to Glitz medium and sub-cultured at 14-day intervals (Figure 1a,b). Following
8–10 weeks of subculture, the embryogenic cell lines (ECLs) had to have in excess of 50 mg
of tissue to be scored as established, the results were shown in previous studies [8].
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(90 mm × 9 mm × 15 mm) were used as containers, with the root caps of the Se’s pointing
downwards at an angle of approximately 60° and placed under dim light (10 µmol m−2 s−1)
for seven days. Twenty embryos Petri dish were cultured, the number of Petri dishes cultured depended on the number of Se’s obtained for each ECL. After six weeks, germinated
Se’s (Figure 1d) were subcultured to glass jars with medium of the same composition
4 of 12
(seven somatic plantlets per jar). Cultures were maintained 5 weeks at 23 °C under 16 h
photoperiod at 100 µmol m−2 s−1 provided by cool white fluorescent tubes (TFL 58 W/33).

Figure 1. (a) Pinus attenuata × Pinus radiata embryonal masses at proliferation stage, bar: 13 mm. (b) Pinus radiata × Pinus
attenuata embryonal masses regenerated after five years of storage at −80 ◦ C, bar: 10 mm. (c) Pinus attenuata × Pinus radiata
somatic embryos, bar: 7 mm. (d) Pinus radiata × Pinus attenuata somatic plantlets after six weeks of in vitro germination,
bar: 15 mm. (e) Pinus radiata × Pinus attenuata somatic plantlet after two months in the greenhouse, bar: 35 mm. (f) Pinus
attenuata × Pinus radiata somatic plant after two months in the greenhouse, bar: 26 mm.

2.3. Maturation and Germination of Embryos
ECLs from each of the initiation treatments (1,2 and 3) were subjected to maturation;
23 ECLs from treatment 1 (12 with P. attenuata as the mother tree, 11 with P. radiata var.
cedrosensis as the mother tree), 19 ECLs from treatment 2 (8 with P. attenuata as the mother
tree, 11 with P. radiata var. cedrosensis as the mother tree), and 23 ECLs from treatment
3 (10 with P. attenuata as the mother tree, 13 with P. radiata var. cedrosensis as the mother
tree). ECLs with P. attenuata as the mother tree belonged to three crosses (887.301, 887.302,
887.315) and ECLs with P. radiata var. cedrosensis as the mother tree belonged to four
crosses (886.975, 886.977, 886.981, 886.987). Maturation and germination were performed
following the methodology described by [14]. For maturation, samples of 100 mg of
proliferating embryogenic tissue, 14 days after their last transfer to fresh medium, were
placed in 5 mL of liquid embryo development medium (EDM) ([21], Table 1) devoid of
growth regulators and gently suspended. The suspension was then poured onto a filter
paper (Whatman no. 2, 70 mm) in a Büchner funnel; a vacuum pulse was applied for
10 s, and the filter paper with the attached tissue was transferred to maturation medium.
Maturation medium was EDM medium supplemented with 60 µM abscisic acid (ABA)
and 9 g L−1 Gelrite® (Duchefa, Haarlem, The Netherlands); medium was poured in
90 mm × 9 mm × 20 mm Petri dishes. Four Petri dishes per ECL were assayed, giving a
total of 260 Petri dishes. Cultures were incubated at 22 ◦ C in the dark. Mature somatic
embryos (Se’s) were harvested 15 weeks later (Figure 1c) and placed on half strength
macronutrients LP medium [22] modified by [23] (1/2 LP, Table 1) with 2 g L−1 of activated
charcoal and 9 g L−1 of gellan gum (DifcoAgar® ; Becton Dickinson; Franklin Lakes, NJ,
USA). Petri dishes (90 mm × 9 mm × 15 mm) were used as containers, with the root caps
of the Se’s pointing downwards at an angle of approximately 60◦ and placed under dim
light (10 µmol m−2 s−1 ) for seven days. Twenty embryos Petri dish were cultured, the
number of Petri dishes cultured depended on the number of Se’s obtained for each ECL.
After six weeks, germinated Se’s (Figure 1d) were subcultured to glass jars with medium of
the same composition (seven somatic plantlets per jar). Cultures were maintained 5 weeks
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at 23 ◦ C under 16 h photoperiod at 100 µmol m−2 s−1 provided by cool white fluorescent
tubes (TFL 58 W/33).
2.4. Acclimatization
After 12 weeks from the start of germination stage, plantlets showing roots and an
aerial part of more than 15 mm were considered suitable to be transplanted to 43 cm3
pots containing a wet sterile peat: perlite mixture (3:1, v/v). After transplanting, the
plantlets were acclimatized in a greenhouse under controlled conditions at 21 ± 2 ◦ C and
progressively decreasing humidity from 100% to 70% over four weeks. Then, after two
months in the greenhouse the plants were transplanted to bigger pots and six months
later in the greenhouse, the height (cm) was measured in 368 plants coming from different
mother species and treatments (Figure 1e,f).
2.5. Long Term Conservation at −80 ◦ C
43 ECLs were chosen, 17 EMs from P. radiata × P. attenuata (14 of them used in
maturation experiments) and 26 EMs from P. attenuata × P. radiata were used for this study,
(21 of them used in maturation experiments). Conservation of EMs at −80 ◦ C was carried
out following the procedure described by [24]. Briefly, 1.5 g of vigorously growing EMs
were resuspended in 5.4 mL of EDM liquid medium supplemented with 180 g L−1 sucrose.
After one hour of incubation in this medium, the same volume of EDM liquid medium
containing 180 g L−1 sucrose plus 15% dimethyl sulfoxide was gradually added (3 times
1.8 mL in 15 min intervals) to reach a final concentration of 7.5%. The suspension was
maintained in darkness in an ice bath on a shaker at 120 rpm during this process.
Finally, the suspension was pipetted into cryovials (six times 1.8 mL), and five cryovials, each containing 250 mg fresh mass of tissue, were arranged in a Mr. Frosty container
(Nalgene® Labware; Thermo Fisher Scientific, Waltham, MA, USA) and then in an ultra-low
temperature freezer (Sanyo V.I.P.™; Osaka, Japan) at −80 ◦ C. After 90 min, the cryovials
with cell suspensions were rapidly removed from the Mr. Frosty and plunged into liquid
nitrogen for 5 min. Then the cryovials were stored again in the ultra-low temperature
freezer (−80 ◦ C) for one year and for five years. Thawing of samples was carried out after
one and five years as follows: cryovials were removed from the −80 ◦ C freezer and left
at room temperature for 1 min. Then, they were immersed in a water bath at 40 ◦ C for
3 min. Finally, the suspension was poured onto a filter paper disc (Whatman® no. 2.70 mm;
Maidstone, UK) in a Büchner funnel. A vacuum pulse was applied for 10 s, and the filter
paper with the attached tissue was transferred to EDM basal medium supplemented with
a combination of 4.5 µM 2, 4-dichlorophenoxyacetic acid, 2.7 µM 6-benzylaminopurine,
30 g L−1 sucrose and 3.5 g L−1 gellan gum (Gelrite® ; Duchefa, Haarlem, The Netherlands).
After 24 h, the filter papers were transferred to fresh EDM medium and the cultures were
kept in darkness at 23 ± 1 ◦ C.
Control samples (one cryovial per ECL) treated as frozen ones but not cooled in the
Mr. Frosty or immersed in liquid nitrogen, were subjected to the same procedure in order
to assess whether they had lost regeneration potential prior to storage at −80 ◦ C.
2.6. Data Collection and Analysis
After 15 weeks on maturation medium, the ECLs producing Se’s were recorded and
the percentage of maturation was calculated by dividing the number of ECLs that produced
mature Se’s by the total number of ECLs subjected to maturation.
After 15 weeks on maturation medium, the number of Se’s in ECLs producing Se’s
was counted and the number of Se’s per gram of fresh tissue was calculated. Regarding
the number of Se’s, two analyses were conducted. Firstly, a linear mixed effects model
including the cross as a fixed effect and the ECL as a random effect to cope with variability
was fitted. Additionally, the number of Se’s was transformed using the square root.
Secondly, a similar linear mixed effects model including the treatment, the mother, and
their interaction as fixed effects, and the ECL as a random effect was considered to evaluate
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the effect of the treatment on the number of Se’s. The same square root transformation was
applied to the number of Se’s to reduce variability.
To assess the effect of the cross on the germination percentage, a logistic mixed model
including the ECLs a random effect was considered. The ECL was included to improve the
fit and to cope with variability. The effects of the treatment, the mother and their interaction
were assessed using a logistic mixed model including the ECLs a random effect. In this
model the treatment, the mother, and their interaction were fixed effects.
The height of somatic plantlets after six months in the greenhouse was evaluated by
two-way analysis of variance (ANOVA). Data were transformed by LN (height). Significant
differences between means were determined by Tukey’s post hoc test at a significance level
of 5%.
For data on ECL storage at −80 ◦ C after one year and five years, the number of
ECLs that showed growth two months after thawing was recorded (Figure 1b) and the
regeneration percentages were calculated.
3. Results
The analyses on the effect of treatment, the mother species and the cross were reported
previously [25]; as described in this study, there was a significant effect of treatment, and
cross and an interaction among these factors.
To evaluate the effect of the cross on the maturation percentage, an initial exploratory
data analysis was conducted revealing that this percentage was above 80% for all levels
of cross but one. Moreover, the maturation percentage was 100% in two levels of cross.
With these data, it was not possible to fit any model. Regarding the effect of the treatment
and the mother, the exploratory analysis revealed that in four out of the six levels defined
by the interaction of both factors, the maturation percentage was above 80% with one
level reaching 100%. Therefore, results were based on descriptive statistics. Maturation
percentages for the different mother trees and crosses are shown in Figure 2a. Maturation
percentages by treatment and mother are shown in Figure 2b (three crosses when P. attenuata
acted as the mother tree and four crosses when P. radiata var. cedrosensis acted as the mother
tree). Different ECLs analysed for each cross showed a different maturation rate ranging
from 67 % (cross 887.302, P. attenuata as mother tree) to 100% (cross 887.301 with P. attenuata
as mother tree and cross 886.975 with P. radiata as the mother tree, ECLs from the rest
of crosses showed maturation rates between 83 and 89% (Figure 2a). On the other hand,
different initiation treatments provoked a variation in the success of the process depending
on the species that acted as mother; Treatment 1 was the most successful when P. attenuata
was the mother and the worst when this species was the father. As it can be observed in
Figure 2b, there was an opposite effect of the treatments: maturation percentage decreased
from 1 to 3 when P. attenuata acted as mother and increased when P. radiata was the mother.
So, there was a strong effect of the species that acted as mother in the maturation rates
obtained.
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887.302
189.123
± 37.872
Mother Tree
Cross
Sample Mean ± Standard
Error
P. attenuata
887.315
376.549 ± 98.988
P. attenuata
887.301
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2
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analysed for each mother (Table 4 and Figure 3a). In the same way, when the mother,

cross, mother tree, treatment and their interaction.
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1
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3
1
2
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Table 6. Height of somatic plants (cm) from embryogenic cell lines in which P. attenuata or P. radiata
var. cedrosensis acted as the mother and from different initiation treatments (1, 2 and 3) after six
months in the greenhouse.
Mother Tree

Cross

Height (cm)

P. attenuata
P. attenuata
P. attenuata
P. radiata
P. radiata
P. radiata
P. radiata

887.301
887.302
887.315
886.975
886.977
886.981
886.987

9.39 ± 0.66
9.45 ± 0.42
9.03 ± 0.20
12.35 ± 0.46
15.67 ± 0.67
13.26 ± 0.31
11.96 ± 0.42

The regeneration percentage in samples before freezing (controls) was 100%. After
one year of storage at −80◦ C, regeneration percentages were 82% and 81% in ECLs from P.
radiata and P. attenuata mother trees, respectively. After five years of storage the regeneration
percentages decreased to 12% and 8% in embryogenic cell lines from P. radiata and P.
attenuata mother trees, respectively.
4. Discussion
There is very little information on the effect of the mother on the development of
embryogenic processes in Pinus spp. hybrids, these together with the fact that there is also
little information on the effect that a certain treatment applied at initial steps of SE might
have on the subsequent steps of the process, led us to carry out this study.
We found that the initiation treatment did not affect the in vitro conversion of EMs
to somatic plants, this is in agreement with results reported in Pinus halepensis [26] and
opposite the effect of environmental conditions at initial stages of SE process on plant
conversion reported by different authors [26,27]. Although a great variability was observed
among ECLs, this is common in SE with conifer species and the strong effect of genotype
has been reported by several authors [28,29]; this is why a high number of genotypes
(65 ECLs) were screened in this study.
Regarding maturation percentages, the lowest was obtained when P. attenuata acted
as mother (63%) in one of the crosses tested, however the rest of crosses assessed presented maturation percentage above 80% regardless of the species that acted as a mother.
These results are high when compared with those reported in other Pinus species such
as P. pinea [30] or P. nigra [31] but in accordance with those reported previously in this
species [14,17]. The number of Se’s produced by different ECLs showed a high variability,
this fact has been widely reported in the literature [32]. However, it was observed that
independently of the species used as mother, initiation treatment 2 (excised zygotic embryo)
was the one that gave the best results. Our results are in line with those reported by [33]
in the hybrid Pinus elliottii var. elliottii × P. caribaea var. hondurensis where they reported a
high variability in somatic embryo production among the genotypes tested; these authors
also observed that there was a significant effect of proliferation medium on the obtaining of
Se’s. On the other hand, while the nurse culture seems to be beneficial in certain occasions
at initial stages of the process [8] the ECLs developed from this treatment presented the
lowest number of Se’s.
Germination was carried out without any post-maturation treatment such as desiccation and the percentages obtained in this study were high (always above 75%) considering
that this phase has been reported as a bottleneck for the SE process in this genus [34].
Germination percentages did not depend on the initiation treatment, the mother species or
de cross. As reported for white spruce [34], variation among cell lines will be apparent in
all stages of the SE process, affecting the overall effective yield of somatic plants, however
this variance due to ECLs seems to be higher for SE initiation, lower for maturation and
still lower for germination. Although an effect of the environment at proliferation stage on
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germination percentage was described in P. halepensis [26] or in P. pinaster [27], our results
are in line with those reported for P. radiata in previous studies in our laboratory [19].
Size of somatic plantlets after six months of hardening was significantly higher in
crosses in which P. radiata was the mother, showing the same behaviour as pure species;
in this sense, P. attenuata grows much more slowly on most New Zealand sites where
commercial forests are grown, when compared with P. radiata [35]. However, even when
growth is slower than in P. radiata, P. attenuata is drought, snow and frost tolerant, and also
capable of growing on poor soils [35]. Although in gymnosperms it has been believed that
the mitochondrial DNA is inherited from the female parent and the chloroplast DNA is
only inherited from the male [36], recent studies in Pinus mugo × Pinus sylvestris hybrid [37]
have shown a biparental inheritance of chloroplast DNA. It could be interesting for future
research to study the plastid inheritance in our reciprocal hybrids to try to elucidate the
origin of the better ex vitro growth of the P. radiata × P. attenuata hybrids.
Finally, in this work we have also explored the possibility of storing ECLs from the
hybrid at −80 ◦ C. After one year, regeneration percentages were similar to those found
by [24] in P. radiata using the same methodology and storage time. This storage time,
although insufficient for carrying out ex vitro testing of clones, enables a preliminary
assessment of the in vitro performance of different ECLs. Results are encouraging as
with this storage period and with the development of genomic techniques even an early
selection could be performed [38]. Although there are several studies were conifer ECLs
has been cryopreserved in liquid nitrogen [39], this is the first report where regeneration of
embryogenic tissues has been reported after a long storage period at −80 ◦ C (five years).
Regeneration percentages were very low after this storage period, further research will
be carried out to try to improve regeneration by means of evaluating different protectant
solutions for storage and testing other post-thawing treatments. Additionally, the use of
nurse will be evaluated for thawing ECLs stored at −80 ◦ C as it has been successful used
for the regeneration of cryopreserved cell lines of P. radiata [24].
5. Conclusions
The physical and chemical environment derived from the presence of megagametophytes and/or nurse did not provoke any effect on the maturation percentages, the number
of Se’s developed or the germination percentages. However, P. radiata × P. attenuata somatic plantlets growing in the greenhouse showed significantly higher heights than P.
attenuata × P. radiata plantlets.
It is possible to preserve ECLs at −80 ◦ C for one year without loss of regeneration
capacity. Regeneration has also been obtained from some ECLs stored at −80 ◦ C up to five
years. The application of this technique could represent a great economic saving because it
does not require cryotanks with liquid nitrogen.
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