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Abstract
Somatic embryogenesis has already been used for Norway spruce (Picea abies (L.) Karst) embling production on a laboratory
scale, but automation is needed to increase efficiency and reduce costs. One option to scale up production is mass production in
bioreactors. In a series of experiments, a pro-embryogenic mass was propagated using Plantform temporary immersion system
bioreactors, and the effect of different aeration cycles, support pad materials, and post-maturation treatments (rinsing and
desiccation) on the embryo yield and embling survival after 4 to 6 mo in a greenhouse was tested. Three genotypes were used
to test each treatment. The best aeration frequency was 20 min every 4 h, while a lower or higher frequency did not generally
improve embryo production. Filter paper on plastic netting was the best support pad material in terms of usability and embryo
production (varying from 177 ± 20 to 696 ± 109 per g pro-embryogenic mass). The separation of the embryos from the unde-
veloped cell mass by rinsing with sterile water resulted in reduced survival of the emblings. Desiccation treatment on nested
plates with the embryos on the inner plate with or without filter paper improved their survival. Bioreactors were laborious to
prepare, load, and clean. Improvements in embryo production can be achieved by optimizing the process, but bioreactors based
on the requirements of somatic embryogenesis are needed to enable their use in the mass production of Norway spruce emblings.

Keywords Somatic embryogenesis . Bioreactors . Picea abies . Maturation . Forest biotechnology

Introduction

In Finland, the increased planting of Norway spruce (Picea
abies (L.) Karst), combined with fluctuant seed yields, has
resulted in shortages of improved regeneration material
(Haapanen et al. 2017). Fluctuating seed yields are mainly
caused by irregular flowering, pests, and pathogens
(Himanen 2018). In Finland, Norway spruce seed orchards
are currently either at the end of their operational lifespan, or
are juvenile and do not produce seed at their full potential
(Ruotsalainen 2014; Haapanen et al. 2017; Jansson et al.
2017). In Finland, spruce breeding is carried out as a govern-
mental program, and the price of the bred seed is the same as
the price of the non-bred seed.

Somatic embryogenesis (SE) has emerged as ameans to clon-
ally propagate conifers on a large-scale, and could mitigate the
shortage of improved seed for forest regeneration (Thompson
2014; Bonga 2016). In the future, multiple breeding goals and
new material demands may rise quickly and require more flexi-
ble breeding schemes (Ruotsalainen 2014). Increased resilience
of forests against the negative effects caused by climate change,
which includes increased pest outbreaks, will become more im-
portant (Marini et al. 2017). Therefore, resilience is already one
of the key breeding goals for the Finnish tree breeding program
(Haapanen and Mikola 2008).

The production volume with conventional SE-methods is
limited due to the amount of manual labor needed.
Embryogenic tissue has to be manually transferred to a new
growth medium regularly, and mature somatic embryos and
germinants have to be handled individually. Automation and
scale up are necessary to achieve cost efficient mass propaga-
tion. Temporary immersion system (TIS) bioreactor-based
culture solutions may provide the means to achieve this goal
(Egertsdotter et al. 2019). Bioreactor-based SE can be utilized
for many angiosperm species, which includes coffee
(Albarran et al. 2005; Ducos et al. 2007; Etienne et al.
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2010), and tea (Akula et al. 2000). Bioreactor-based SE is also
being developed for several forest tree species (Businge et al.
2017). In addition, bioreactor-based Norway spruce SE has
been developed by a few companies and research institutions,
with special TIS designed for the process (Egertsdotter and
Clapham 2015; Salonen et al. 2017; Aidun and Egertsdotter
2018). However, there is not much information available on
SE maturation and germination using TIS bioreactors. The
conditions within a TIS bioreactor differ from those on a
semi-solid medium on a plate. Therefore, refinement and op-
timization of existing protocols are required to use SE propa-
gation methods in TIS bioreactors (Salonen et al. 2017).
Proliferation of the early stages of Norway spruce SE, pro-
embryogenic mass (PEM), and immature embryos can be
completed in suspension cultures although for a limited num-
ber of genotypes (Boulay et al. 1988; Filonova et al. 2000;
Bozhkov et al. 2002). Suspension cultures do not appear to be
suitable for maturation, even though success with a limited
number of genotypes has been achieved (Gorbatenko and
Hakman 2001). Inside a TIS bioreactor, the exposure to a
liquid medium and shear stress is more limited than in a sus-
pension culture, and the embryos are placed on a solid sup-
port, which could improve their maturation (Sun et al. 2011).

The aim of this study was to test commercially available
TIS bioreactors for Norway spruce SE, with a focus on mat-
uration and post-maturation treatments of somatic embryos.
Furthermore, the germination ability of embryos, and the ac-
climatization and early growth of the emblings was followed.
The effect of varying conditions within TIS bioreactors and
different post-maturation treatments was also evaluated.

It was hypothesized that increased aeration during TISmat-
uration would improve the embryo production, because rela-
tive humidity was observed to be high inside a functioning
bioreactor. High water availability has been shown to be
harmful for somatic embryo development on semi-solid cul-
tures (Klimaszewska et al. 2000; Morel et al. 2014).
Following embryo maturation, desiccation treatment can im-
prove germination of somatic embryos (Lelu et al. 1995;
Högberg et al. 2001), and was therefore tested for bioreactor
embryos. For additional automation, separating the embryos
from PEM in a liquid could be one option (Egertsdotter et al.
2019). Therefore, potential effects of rinsing on embryo ger-
mination and development were tested.

Materials and Methods

Plant material All experiments were conducted with embryo-
genic cell lines of Norway spruce that were initiated from
immature seed embryos following the method of
Klimaszewska et al. (2001), as described by Varis et al.
(2017). Embryogenic tissue from five different genotypes
(14Pa645, 14Pa4623, 14Pa653, 14Pa1606, and 15Pa2015),

which were from four different full-sib families were used in
the experiments. Four of the genotypes were initiated and
cryopreserved in 2014 following the methodology developed
by Varis et al. (2017). The embryo productivity of the geno-
types was confirmed by counting the good-quality embryos
from previous maturations on semi-solid media (n = 5 to 8 per
genotype), and selected genotypes that showed varying em-
bryo production ability (Table 1) were thawed and proliferated
on semi-solid media for the experiment. Genotype 15Pa2015
was initiated in 2015 and subcultured biweekly without cryo-
preservation, until it was used in the aeration experiment I
(physiological age 65 wk). The genotypes 14Pa645 and
14Pa4623 were both 47 wk old at the start of the experiment
I, and the genotypes 14Pa645, 14Pa653, and 14Pa1606 were
22 wk old at the start of the aeration and support pad material
experiments II-III.

Growth media composition The culture protocol in the TIS
bioreactor was composed of proliferation, pre-maturation, matu-
ration, and post-maturation phases. The proliferation medium
consisted of a modified form of Litvay’s medium (mLM)
(Litvay et al. 1985; Klimaszewska et al. 2001). The sucrose
(VWR International, Leuven, Belgium, 3% w/v) concentration
was 1% (w/v). The pH was adjusted to 5.8 prior to autoclaving
for 20 min at 121°C (Systec VX-75, Labo Line Oy, Helsinki,
Finland). L-glutamine (Merck, Darmstadt, Germany,
500 mg L−1) was added by filter sterilization after autoclaving.
All of the media in the bioreactors were without a gelling agent.
The pre-maturation medium was based on mLM-medium, but
did not include any plant growth regulators, and had a lower
concentration of L-glutamine, and half the concentration of ca-
sein (Sigma-Aldrich, St. Louis, MO, 0.5 g L−1) compared to the
proliferation medium (1 g L−1). Polyethyleneglycol (PEG) 4000
(Merck, Darmstadt, Germany, 75 g L−1), was added to the pre-
maturationmedium following themethod byAttree et al. (1994),
and an increased concentration of sucrose (von Arnold and
Hakman 1988). The maturation medium was the same as the
pre-maturation medium except for the addition of 24 μM of
abscisic acid (Sigma-Aldrich) (ABA), which was added to the
medium through a filter (pore size 20 μm) after autoclaving. The
post-maturation medium had the same composition as the matu-
ration medium, with the exception of an added concentration of
45 g L−1 myo-inositol (Sigma-Aldrich, Steinheim, Germany)
(Egertsdotter and Clapham 2015).

Proliferation and maturation in bioreactors The production of
somatic embryos was tested in a Plantform (Plantform,
Lomma, Sweden) TIS bioreactor, which was chosen for the
experiments based on the comparison of several commercially
available models (Salonen et al. 2017). The Plantform biore-
actor has two compartments: the lower compartment is filled
with growth medium, and the upper is filled with air. Images
and more information on the bioreactor can be found on the
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Plantform website (Welander 2014). Plantform TIS bioreac-
tors along with support pad materials and air filters were
autoclaved for 20 min at 115°C. The bioreactors were filled
with 230 mL of proliferation medium in aseptic laminar con-
ditions. The embryogenic cell mass (1200 mg), was
suspended in 30mL of proliferation medium, and poured onto
the support (metal netting or filter paper) in the bioreactor
basket, at the bottom of the upper compartment (total medium
volume 260 mL). Aquarium pumps with timers were used to
pump filtered air into the bioreactor to raise or lower the me-
dium for irrigation. The bioreactors were kept in the dark, and
at 21°C throughout the entire cultivation period of 10 wk.

The growth medium in the bioreactors was changed by trans-
ferring the bioreactor basket into a clean, sterilized bioreactor that
was filled with 260 mL of fresh growth medium. The prolifera-
tion phase (1 wk), was followed by a pre-maturation phase
(1 wk). The maturation phase took 5 wk with one medium
change after the second week. The post-maturation phase lasted
for 3 wk. Control maturations on semi-solid media were per-
formed according to Varis et al. (2017).

Experimental design Managing the inner environment in the
bioreactor is possible by altering the frequency of the immer-
sions and aeration. The support pad material also affects the

growing conditions. In a series of experiments, the effects of
different aeration and support pad materials on embryo matu-
ration were tested (Table 1). These experiments were followed
by additional trials that focused on the effects of rinsing the
mature embryos, and various storage conditions applied prior
to germination (Table 2).

The first aeration experiment (experiment I) started on the
18th of October 2016, and the second aeration (experiment II),
and support pad material experiment (experiment III), started
on the 14th of February 2017. Embryos produced in experi-
ments II and III were used in the post-maturation cold, rinsing,
and desiccation treatment trials (experiment IV).

Experiments I and II: bioreactor aeration trials In both exper-
iments, the embryonic mass was immersed in the growth me-
dium for 2 min at 8-h intervals, and afterwards, the medium
was pumped back into the lower compartment. In the refer-
ence treatment, the air was also pumped into the upper com-
partment between the immersions to provide aeration (for
20 min at 4-h intervals). In experiment I, aeration was also
increased to 2 h at 4-h intervals (2 min break during immer-
sion). In experiment II, the effects of increased aeration from
the second week of the embryo maturation phase onwards
were tested. As a reference treatment, aeration periods of

Table 1. The effect of alternative support pad materials and increased
aeration from the 2nd week of maturation on Picea abies (L.) Karst
embryo production from genotypes 14Pa645, 14Pa4623, 14Pa653,
14Pa1606, and 15Pa2015 (embryos per 1 g of PEM put into the

bioreactor before the proliferation step, ± SEM). The embryo
production in previous experiments on semi-solid medium used as selec-
tion criteria for the genotypes is shown

Experiment Support pad material Aeration 14Pa645 14Pa653 14Pa1606 14Pa4623 15Pa2015

I Metal netting 20 min/4 h 174 (± 37) – – 30 (−) 155 (± 21)
I Metal netting 2 h/4 h 6 (± 4) – – 11 (± 6) 151 (± 13)
I Metal netting constant 0 – – Contaminated Contaminated
II and III Metal netting 20 min/4 h 328 (± 28) 404 (± 41) 147 (± 30) – –
II Metal netting 20 min/4 h, 2 h/4 h from the

2nd week of maturation
411 (± 8) 274 (± 8) 95 (± 11) – –

III Plastic netting + filter paper 20 min/4 h 550 (± 66) 696 (± 109) 177 (± 20) – –
III Polyureathane foam + filter paper 20 min/4 h 142 (± 13) 533 (± 13) 38 (± 11) – –
II and III Controls on a semi-solid medium – 384 (± 71) 31 (± 6) 281 (± 78) – –
Prior to bioreactor exp. on a semi-solid medium 270 (± 38) 174 (± 44) 92 (± 21) 315 (± 52) 254 (± 64)

Table 2. Picea abies (L.) Karst
embryo germination rates (%)
from genotypes 14Pa645,
14Pa653, and 14Pa1606 after
different post-maturation
treatments

Treatment 14Pa645 14Pa653 14Pa1606 All genotypes

Cold storage in bioreactor 100.0 88.5 98.5 95.2

Rinsed embryos

Direct germination 92.6 79.5 98.0 88.3

In the cold on a filter on a plate 97.5 92.5 94.2 94.9

In the cold on a bare plate 95.3 84.0 93.4 90.9

Without rinsing

Direct germination 98.2 92.6 95.3 95.5

In the cold on a filter on a plate 93.3 98.1 100.0 96.3

In the cold on a bare plate 93.9 97.7 100.0 96.4
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20 min at 4-h intervals were used. In all of the aeration exper-
iments, a metal netting was used (mesh size 0.15 mm) in the
bioreactor basket as the support pad material under the em-
bryogenic mass. Genotypes 14Pa645, 14Pa4623, and
15Pa2015 with three bioreactor replicates were used in exper-
iment I, and 14Pa645, 14Pa653, and 14Pa1606 were used in
experiment II (Table 1).

Experiment III: support pad material experiment Different
support pad materials in the bioreactor basket were tested.
The reference treatment consisted of the dense metal netting
(mesh size 0.15 mm), used in aeration experiments I and II.
The bioreactor support pad materials tested in the experiment
consisted of a combination of plastic netting (mesh size 1 cm)
with filter paper (Grade 1300, Munktell Filter AB, Falun,
Sweden) and a combination of polyurethane foam (1 cm thick)
and filter paper (Grade 1300, Munktell). The immersion time in
all treatments was 2 min at 8-h intervals, and the aeration time
was 20 min at 4-h intervals. Genotypes 14Pa645, 14Pa653, and
14Pa1606 were used in the experiment with three replicates
from each genotype. Controls on semi-solid media were com-
pleted according to Varis et al. (2017).

Experiment IV: post-maturation treatments For the cold treat-
ment, one bioreactor replicate from each genotype and treat-
ment in aeration, and support pad material experiments II and
III, were placed in a dark + 2°C environment for 5 wk. From
the other bioreactor replicates, embryos were given desicca-
tion and rinsing treatments, or germinated directly after
maturation.

For rinsing, mature somatic embryos with the accompany-
ing cell mass were collected with a spoon into an Erlenmeyer
flask. Sterile water (200 mL) was poured into the flask, and
the flask was rotated to separate the embryos from the unde-
veloped cell mass. The undeveloped cell mass was discarded
and the suspension containing the embryos was poured in
small fractions through a Büchner funnel onto filter paper
(Whatman #2, GE Healthcare UK Lmited, Amersham,
United Kingdom). Each fraction was rinsed with 10 mL of
sterile water and dried by suction.

Mature embryos from other bioreactor replicates were col-
lected manually, and given two different desiccation treat-
ments. The desiccation treatments for both the rinsed embryos
and the ones collected without rinsing were based on the arti-
cle by Högberg et al. (2001). Up to 25 embryos were placed
on a 55-mm Petri plate without a lid, which was placed inside
a 90-mm Petri plate filled with 10 mL of sterile water. The
smaller Petri plate was either empty, or had a filter paper
(Whatman #2) moistened with sterilized water on the bottom.
The larger Petri plate was sealed with parafilm. Using a mod-
ification from Högberg et al. (2001), the Petri plates were
transferred to a dark environment with a temperature of +
2°C for 5 wk, following the recommendations made by

Varis et al. (2017), that cold storage enhances the germination
of Norway spruce somatic embryos.

Embryo measurements and germination Embryos grown on
filter paper placed on plastic netting were photographed with
Zeiss AxioCam ERc 5s, attached to a stereomicroscope
(Leica), with a Zeiss Achromat S 0.5x FWD 134 mm objec-
tive at × 1 magnification, after they were arranged on a ger-
mination plate. The embryo length, the width of the cotyle-
dons, the width below the cotyledons, the width from the
middle section of the embryo, and the width of the root were
measured using ImageJ software (version 1.48v; Java
1.8.0_51 [32-bit]) (Svobodová et al. 1999; Tikkinen et al.
2018b). After germination, the same embryos were
photographed (Canon Powershot G5), and their root and shoot
lengths were measured with the ImageJ software.

In aeration and support pad material experiments II and III,
some of the embryos were germinated immediately, and some
were germinated after 5-wk cold and desiccation treatments.
Depending on embryo production, 7 to 90 embryos per geno-
type and treatment were germinated on LM-germination me-
dium for 14 d in 130 μmol m−2 s−1 (Valoya L14 spectrum
AP67 Milky LED, Valoya Oy, Helsinki, Finland) with an
18 h/6 h day/night cycle. After germination, they were
transplanted to containers filled with peat-based growth media
(ViviPak, Gravendeel, Netherlands), and were grown for 21 d
under laser perforated plastic covers in high humidity (over
90%). After removing the plastic covers, the containers were
irrigated daily by mist spraying with TaimiSuperX fertilizer
(0.1% w/v, Kekkilä Oy, Vantaa, Finland). After 35 d of open-
air cultivation, the surviving emblings were transplanted into
Plantek 81f containers (81 separate ventilated compartments
85 cm3 in size), filled with pre-fertilized semi-coarse sphag-
num peat. Observations on the embryo performance were
made around 4 mo after transplantation into the 81f
containers.

Statistical analysis Statistical analyses were carried out using
SPSS Version 25 (IBM Corp. Armonk, NY). The normality
and homogeneity of variances were checked using
Kolmogorov-Smirnov and Levene tests (SPSS, 1999). As
the data was not normally distributed, a non-parametric
Kruskal-Wallis-test (SPSS, 1999) was used to analyze differ-
ences in the embryo yield and survival rates for different aer-
ation treatments, support pad materials, and post-maturation
treatments. A probability of p ≤ 0.05 was considered signifi-
cant. Differences in the embryo dimensions for different des-
iccation treatments were analyzed using a Kruskal-Wallis test.
Mean values are presented with standard errors (±).

Logistic regression -(log(p/1 − p)) was used to investigate
the significant factors that affected the embling survival. The
genotype covariate was used to investigate the effects of clone
variation on the survival. Treatment covariate was used to
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determine the effects of the support pad material and aeration
on survival. The post-maturation treatment covariate was used
to predict the effects of desiccation and rinsing treatments on
the survival of the emblings.

Results

Effect of increased aeration on embryo production and sur-
vival In experiment I, increasing the aeration from 20 min in
4 h intervals to 2 h/4 h, decreased embryo yield with geno-
types 14Pa645 and 14Pa4625, and had no effect on genotype
15Pa2015. However, the changes were not statistically signif-
icant (Table 1). Constant aeration was significantly worse than
20 min/4 h aeration (p < 0.01), and no mature embryos were
produced. In addition, five out of nine bioreactors in the treat-
ment were contaminated.

In experiment II, increasing the duration of aeration in the
second week of maturation had a negative effect on the em-
bryo yield for genotypes 14Pa653 and 14Pa1606 (Table 1).
Genotype 14Pa645 produced more embryos when the aera-
tion was increased during maturation. The differences be-
tween treatments in embryo yield were not statistically signif-
icant. However, increased aeration did significantly reduce the
survival of the embryos of all genotypes after 4 to 6 mo for all
of the genotypes after transplantation (Fig. 1; Table 3).

Effect of the support pad material on embryo production,
quality and survival When metal or plastic netting with filter

paper was used as the support pad material, somatic embryos
with normal morphology were produced. These embryos were
elongated and had well-developed cotyledons (Fig. 2a, b),
while embryos developed on polyurethane foam and filter
paper had a distinctive appearance. They were short and often
had supernumerary cotyledons (Fig. 2cz).

The combination of plastic netting with filter paper pro-
duced more embryos for all genotypes compared to metal
netting, although the difference in embryo production was
not statistically significant. The embryo production was better
on metal netting compared to polyurethane foam and filter
paper, except for the 14Pa653 genotype (Table 1). Fewer em-
bryos were produced on a semi-solid medium than in biore-
actors. However, control maturations on a semi-solid medium
with genotype 14Pa653 produced abnormally few embryos
(Table 1). Excluding the genotype 14Pa653, more embryos
were produced on control plates than in bioreactors, except
with filter paper on plastic netting as a support pad. For geno-
types 14Pa653 and 14Pa1606, the embryo survival 4 to 6 mo
after transplantation was higher for embryos grown on metal
netting or on plastic netting with filter paper, than on polyure-
thane foamwith filter paper, but for 14Pa645, the survival rate
was the highest with embryos grown on polyurethane foam
with filter paper (Fig. 1, Table 3). The differences in survival
between treatments within genotypes were not statistically
significant. However, the survival of emblings grown on filter
paper was significantly higher on plastic netting than on poly-
urethane foam (Fig. 1).

Effect of rinsing and cold and desiccation treatments on em-
bryo viability and survival The initial embryo germination
rates were at least 79.5% for all of the genotypes and post-
maturation treatments (Table 2). The embling survival was
evaluated 4 to 6 mo after transplantation. Significant differ-
ences were found between the plants subjected to different
desiccation treatments at the embryo stage (Fig. 3, Table 3).
Plate desiccation in the cold either with or without filter paper
increased the survival of the embryos compared to other treat-
ments. Desiccation on filter paper was also significantly better
than desiccation without filter paper. On the other hand, rins-
ing the embryos reduced their survival chances even if they
were desiccated.

Dimensions of mature and germinated embryos The embryos
grown on filter paper placed on plastic netting (experiment III)
were photographed before and after germination. Desiccated
embryos from all of the genotypes combined (2.5 mm ±
0.02 mm) which were not rinsed were significantly longer
than embryos that were germinated directly after maturation
without rinsing (2.3 mm ± 0.03) (p < 0.01). The desiccated
embryos were longer with all of the individual genotypes
compared to the directly germinated unrinsed embryos, al-
though the difference was only significant with 14Pa653.

Figure 1. The effect of alternative support pad materials and increased
aeration from the 2nd wk of aeration on the survival of Picea abies (L.)
Karst plantlets from genotypes 14Pa645, 14Pa653, and 14Pa1606 at 4–
6 mo. Significant differences between the treatments have been marked
with small case letters. The total number of embryos at the beginning of
germination for each treatment and genotype is presented at the bottom of
the bar. The data includes all of the post-maturation treatments, except
those that were rinsed, and embryos that germinated directly after matu-
ration have been excluded because the corresponding data was not avail-
able for the reference treatment.
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After germination, the root and shoot lengths were measured,
and the post-maturation treatment was found to have a signif-
icant effect on the embryo shoot and root lengths (Fig. 4). In
all of the treatments in which the embryos were rinsed, the
shoots were significantly shorter compared to embryos from
any other treatments. Significant differences in root length
were also found between the desiccation treatments. Directly
germinated rinsed embryos produced the shortest roots
(0.11 cm ± 0.02 cm), but the longest roots (0.63 cm ±
0.06 cm) were produced by filter desiccated embryos that
were also rinsed.

Discussion

The frequency of bioreactor aeration, and choice of support
pad material were found to affect embryo production, and
post-maturation treatment also affected embryo survival.
Aeration of TIS bioreactors is required for gas exchange and
to ventilate the bioreactor. It was hypothesized that the tissue
inside the bioreactor remains more moist than might be ideal,
and therefore, supplementary aeration could improve embryo
production. However, in experiment I, increased aeration re-
duced embryo production (Table 1) and the survival rate of the
plantlets (Fig. 1). Moreover, no mature embryos were pro-
duced using constant aeration. The high contamination rate
of the bioreactors under constant aeration could be caused
by overloading the PET filters with the constant air flow.
The effect of increased aeration from the second week of
maturation was also tested, because it was hypothesized that
moisture would be more harmful at the later stages of matu-
ration. Nevertheless, increased aeration reduced embryo pro-
duction and survival. Frequent aeration predisposes the em-
bryos to more shear stress, which could hinder embryo devel-
opment (Bienick et al. 1995; Sun et al. 2010). In a TIS system,
pressure caused by aeration is also used to lower the medium
surface after irrigation of the culture, and cannot completely
be avoided. However, some aeration should be beneficial,
because oxygen depletion and ethylene accumulation can
compromise the embryo yield (Huang et al. 2006). Based on
previous experiments, 20 min of aeration at 4-h intervals was
better for proliferation than the same aeration at either 6- or 8-
h intervals (Salonen et al. 2017). The gas composition require-
ments together with the medium concentration can be highly
variable. For example, for Norway sprucematuration, a higher
O2 partial pressure stimulates embryo development in a half-
strength LP medium, but inhibits development in a full-
strength medium (Kvaalen and von Arnold 1991).

In experiment III, the largest number of embryos in all of
the tested genotypes was produced with filter paper on plastic
netting as a support pad material (Table 1). The reason could
be that on the plastic netting, the filter paper dries more effi-
ciently between immersions than on polyurethane foam. TheTa
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metal and the plastic netting did not differ significantly regard-
ing embryo production, but the combination of plastic netting
and filter paper was easier to handle. Metal netting was more
difficult to place evenly and to clean, and the plastic netting
was also more affordable.

Excluding the genotype 14Pa653, the semi-solid medium
was second to the bioreactor maturation only when the sup-
port pad material consisted of filter paper on plastic netting.
On polyurethane foam, the embryos had a distinct morpholo-
gy and were shorter but also more swollen, which indicated
impaired development and excess water intake (Fig. 2c).
Excessive water availability during maturation can hinder em-
bryo development and affect survival (Klimaszewska et al.
2000). Embryos that are cold-stored on filter paper on a
semi-solid medium develop into emblings with better survival
chance than embryos in direct contact with the medium
(Tikkinen et al. 2018a).

Embryo production varied depending on the genotype propa-
gated. Some Norway spruce genotypes may be better suited for
bioreactor cultivation than others, and their growth during prolif-
eration phase varies (Salonen et al. 2017), which can impact the
maturation results, because there was no control of tissue levels

prior to pre-maturation. In the present study, genotypes also
responded to treatments differently. For example, 14Pa645 was
not affected as much by increased aeration as the other two geno-
types. There is also substantial variation in how well different
genotypes produce embryos on semi-solid medium plates, and
their physiological age can affect the results (Tikkinen et al.
2018b). The reference treatments with 14Pa645 in experiment I
and experiment II/III (aeration 20 min/4 h, metal net) produced
very different numbers of embryos. However, contrary to expec-
tations, tissue which had been subcultured longer (47 wk) pro-
duced more embryos than more recently thawed material (22 wk
old). In the experiment III, the maturation on a semi-solid medium
failed with genotype 14Pa653. Even though it first appeared to be
a good genotype, 14Pa653 has since been excluded from the
commercial pilot propagations currently conducted in Finland
(Tikkinen et al. 2019), due to its inconsistent embryo yield, as well
as genotype 14Pa4623 that was used in aeration experiment I.

With bioreactors, variation in embryo yields was also ob-
served among the replicates. One of the reasons for this is
likely that the cell suspension is difficult to spread evenly on
the support pad. More even spreading could lead to more
synchronized timing of the embryo development and result

Figure 3. The effects of different
desiccation and rinsing treatments
on the survival of Picea abies (L.)
Karst emblings from genotypes
14Pa645, 14Pa653, and
14Pa1606 at 4–6 mo. Treatments
with no significant differences
have been marked with the same
letters. The total numbers of
embryos germinated for each
genotype and treatment are shown
at the bottom of each bar.

Figure 2. Picea abies (L.) Karst embryos from genotype 14Pa645 that
matured on different support pad materials for 6 wk: (a) metal netting; (b)
filter paper on plastic netting; (c) filter paper on polyurethane foam. The

photos were taken when the maturation mediumwas changed to the post-
maturation medium (myo-inositol added). The scale bar in each image
represents 10 mm.
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in improved and more consistent embryo yields and survival
(Mamun et al. 2018). In addition, PET filters are used and
autoclaved multiple times, which could affect the subsequent
air flow. This could be a source for variation in conditions in
the bioreactors.

The choice of post-maturation treatment together with the
genotype was the best predictor for survival, even though matu-
ration conditions also had a significant effect on survival, which
could not be explainedwith the other variables (Table 3). Rinsing
the embryos with sterile water to separate them from undevel-
oped tissue reduced the embryo survival (Fig. 3). The procedure
predisposes the embryos to shear and osmotic stress, probably
more than culture in a liquid medium. Osmotic stress could per-
haps be ameliorated by using a less hypotonic solution thanwater
for rinsing, while shear stress could be reduced by using less
abrasive rinsing methods. Sterile water was used for rinsing, as
it would minimize the extra costs, and is also considered as one
option for developed automatic embryo dispersion systems
(Aidun and Egertsdotter 2011).

Desiccation improved embling survival, especially when the
embryos were desiccated on a moistened filter paper on nested
Petri plates (Fig. 3). In the current production routines, the em-
bryos are developed on a filter paper on a semi-solidmedium and
additional desiccation treatments are not used, but some desicca-
tion is thought to take place during the cold storage of the mature
embryos (Varis et al. 2017). For the bioreactor embryos however,
desiccation appears to improve the embryo quality. The embryos
in bioreactors develop under high humidity and this could neces-
sitate extra desiccation. However, even though it may be benefi-
cial, desiccation adds an extra step, which requires manual labor
and increases production costs.

Some significant differences were found between embryos
subjected to different desiccation treatments before germina-
tion. In comparison to these results, Tikkinen et al. (2018b)
found shorter embryos had better survival chances within a
given treatment, which was hypothesized as being the result of
selection or precocious germination due to sub-optimal cold-

storage conditions. According to these results, unrinsed des-
iccated embryos were longer and had better survival rates than
embryos germinated directly after maturation, which indicated
that some maturation and growth occurred during desiccation.
However, embryo length itself does not explain the increased
survival, but the desiccation treatments probably increased the
length and physiological capability to survive. However, se-
lection bias for longer or shorter embryos in some treatments
cannot be completely ruled out. Significant differences be-
tween the treatments were also found in the embryo thickness,
which indicated that desiccated embryos could be generally
larger than non-desiccated embryos (data not shown).
Increased survival after desiccation could be explained by
improved lipid accumulation rather than due to the embryo
dimensions. According to Attree et al. (1992), lipid biosyn-
thesis is affected by maturation conditions, but continues
through desiccation. After germination, significant differences
between different treatments were found between the root and
shoot lengths (Fig. 4). Rinsed embryos had shorter shoots, but
the lengths of the roots varied. Because of the shorter shoot
length, their root-shoot ratio was higher, but that did not im-
prove survival. In addition, the measurements of embryos at
certain points in their development are only indicative of qual-
ity, as they may develop at different rates.

The embryos that were produced in aeration and support pad
material experiments II and III were used in the desiccation ex-
periment IV. Therefore, the embryo survival was affected by the
genotype, support pad, aeration, and desiccation treatment
(Table 3). As there is no established method for bioreactor culti-
vation, the control treatments are more or less arbitrary. The
overall survival of the embryos could have been improved by
shorter in vitro germination time, such as for 1 wk, as suggested
by Tikkinen et al. (2018b). Longer germination was needed to
observe differences between the treatments in root and shoot
lengths. The overall survival could also have been reduced by
the amount of PEG used, as 7.5% could be too high (Svobodová
et al. 1999). Excessive PEG in maturation can compromise the

Figure 4. The effects of different
desiccation treatments on the
shoot (positive scale) and root
(negative scale) lengths of Picea
abies (L.) Karst plantlets
(14Pa645, 14Pa653, and
14Pa1606 combined) after 2 wk
of germination. Treatments with
no significant differences have
been marked with the same
letters. Error bars represent SEM.
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germination and ex vitro performance of emblings (Bozhkov and
von Arnold 1998). The ABA concentration was set to 24 μM
based on results from preliminary maturation experiments. In
addition, the sucrose concentration was increased in the matura-
tion medium, which as a plasmolyzing agent could hinder em-
bryo development (Attree et al. 1991).

The Plantform bioreactor has not been designed primarily
for SE, but has been for micropropagation, and has been suc-
cessfully used for the propagation of several plant species
through organogenesis (Welander et al. 2014). Therefore, the
dimensions of the bioreactor may not be optimal for SE.
Considering the costs of propagation, bioreactor durability is
also important, as sterilization with an autoclave can result in
occasional breaking of the bioreactors or lids. With a large
number of bioreactors in rotation, a lot of manual labor was
needed for the cleaning, assembly, and sterilization.
Therefore, to compare propagation costs in bioreactors versus
Petri plates, recording the embryo production against both use
of consumables and working hours should be completed with
optimized protocols.

For Norway spruce SE, these results demonstrated that both
the frequency of bioreactor aeration and the choice of support
pad material affected the embryo production and survival.
Survival of the emblings can be improved by post-maturation
desiccation of the embryos. The best results were achieved when
embryo maturation in TIS was performed on filter papers on
plastic netting, with 20min/4 h aeration, and themature embryos
desiccated at + 2°C for 5 wk on nested plates. On the other hand,
rinsing the embryos with sterile water to separate them from the
PEM reduced their survival. The optimization of the process was
complicated by different genotypes which all had different pref-
erences for growth and maturation conditions. This also empha-
sizes the importance of using a sufficient number of genotypes to
test novel protocols for SE.
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