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Abstract: For Norway spruce (Picea abies (L.) Karst.) somatic embryogenesis (SE) culture conditions
throughout the propagation process affect the final result. Many critical phases can be identified,
and all of them cumulatively increase the production costs of SE plants if they cannot be controlled.
In order to determine the best lighting protocol for each SE step, Norway spruce embryogenic tissue
(ET) was proliferated, and somatic embryos were matured under different light wavelengths,
wavelength combinations, and in the dark. Overall, using low-intensity LED lights during
proliferation or at the end of maturation had little effect on the growth of ET, embryo productivity,
or embryo survival; on the other hand, major negative effects could not be seen. This is beneficial
from a practical point of view, indicating no need for lighting or protection of SE cultures from light
during their handling in these steps of the propagation process. When somatic embryos were
germinated under different spectra, significant differences in embling shoot and root growth, as
well as in the survival of the emblings, were found. The best treatment varied between trials, and
the genotype of the SE culture was found to have a stronger effect than the light spectrum, indicating
that various light spectra and also intensity adjusted using pulse width modulation (PWM) can be
successfully applied to the SE germination phase in Norway spruce.

Keywords: embling production; light intensity; light spectrum; maturation; Picea abies;
proliferation; pulse width modulation

1. Introduction

In the conditions found in the Nordic countries, forest biomass is considered to be
the most important raw material in the developing bioeconomy, and the demand for tree
biomass has increased due to the growing need for substitutes for fossil fuels, among
other reasons. Using the best possible material, i.e., genetically improved stock in forest
regeneration of Norway spruce (Picea abies (L.) Karst.), as much as over 30% in stem
volume growth can be gained [1]. In order to most efficiently implement the results
achieved by tree breeding, material derived via vegetative propagation could be used.
Vegetative, i.e., asexual propagation, enables the production of plants of uniform quality
and with known, selected characteristics. Somatic embryogenesis (SE) has become the
method of choice for vegetative propagation of conifers [2] due to its high multiplication
rate and the maintenance of juvenility of cell lines via cryopreservation. Of the Nordic
conifers, somatic embryogenesis (SE) is currently the most developed for Norway and
white spruce varieties (P. glauca (Moench) Voss) [3-5].

Research into SE methods for Norway spruce started over 30 years ago [6-8], and
since then protocols have been developed in different laboratories [4,9,10]. The
production of somatic embryos and emblings involves initiation, proliferation,
maturation, optional desiccation, germination, acclimation, and growing in nurseries
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until planting [3,10]. Culture conditions and handling throughout the propagation
process affect the final result of SE production, with many critical phases identified in the
process, and all of them cumulatively add to the production costs of SE plants if they
cannot be controlled [11]. A good embryo production capacity and embling survival
during acclimatization are essential to achieving a desirable propagation method for
practical use [12].

Conifer somatic embryo development in vitro differs from the development of seeds
and zygotic embryos, for example somatic embryos lack the protective layers of cone and
megagametophyte [13]. This has justified carrying out proliferation and maturation in the
dark. However, developing seeds get information from their mother plants, and maternal
light conditions have been proven to affect aspects such as the seed weight, germination
ability, and storability [14].

For the germination of somatic conifer embryos, different light spectra have been
used, although an early study by von Arnold and Hakman postulated that the
germination of somatic embryos of Norway spruce in darkness would improve the root
growth [15]. Kvaalen and Appelgren [16] found that both germination and the root
growth of somatic embryos of Norway spruce strongly depend on the light source, with
red being the most beneficial spectrum. Red wavelengths during pre-germination and
germination steps resulted in higher frequencies of somatic embryo germination, longer
tap roots, and more first-order lateral roots than the standard cool white, fluorescent
treatments or treatment with blue wavelengths for three pine species [17]. However,
studies using Norway spruce seeds have shown that the germination percentage was
higher when the combination of blue and red light was 55:45 than when the portion of
blue light was lower, or when seeds were germinated under high-pressure sodium lamps
[18]. In addition, Norway spruce seedlings grown under light high in far red spectra
resulted in taller seedlings and higher shoots and root dry matter production than under
light high in red [19].

Only a few studies of the effects of different spectra have been carried out using
embryogenic tissue (ET) of conifers during proliferation or maturation. Even then, the
growth of Norway spruce ET has been found to be strongly genotype-dependent when
proliferated in different lights or in darkness [20]. In some early works, proliferation and
maturation have been carried out in dim light [21], but later protocols have deployed
darkness.

Light emitting diodes (LED) are favored nowadays over fluorescent or high-pressure
sodium (HPS) lights for plant production. LED lights use less electricity to generate light
and last longer than comparable light setups and are, thus, more efficient. Especially HPS
lights, but also fluorescent lights, generate a lot of heat, which often requires additional
ventilation equipment to maintain a proper growing room temperature. Pulse width
modulation (PWM) is a popular method for light dimming control in general lighting
applications [22]. In PWM the average value of the voltage (and current) fed to the load is
controlled by turning the switch between the supply and load on and off at a fast rate.
When connected to LEDs containing diodes of different wavelengths it can be used to
control the spectra and intensity. Some studies have been made with LED PWM connected
and using Arabidopsis thaliana, for example, as plant material [23], but no studies have been
made using conifers or SE material.

This study is, to our knowledge, one of the few utilizing different stages of conifer SE
material in light studies to this extent. Usability of different LED techniques in Norway
spruce SE production instead of fluorescent lamps was evaluated in large-scale
experiments. The main objective of the study was to obtain information about the effects
of different wavelengths and combination of wavelengths in different steps of SE
production. In order to determine the best protocol for each step, the ET growth, embryo
production capacity, germination ability of the embryos, and embling growth parameters
were measured.
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2. Materials and Methods
2.1. Origin of Embryogenic Lines

Continuously subcultured or cryopreserved and thawed embryogenic lines of
Norway spruce used in this study were initiated in 2014 and 2015 from immature zygotic
embryos originating in the full-sib families of progeny tested plus trees from Southern
Finland (Supplementary Tables S1 and S2). Immature green cones were collected for
explant excision approximately ten weeks after pollination when the heat sum was
around 800 d.d. and the zygotic embryos had reached cotyledonary stage.

The medium and methods developed by Klimaszewska et al. [24], as described by
Varis et al. [25], were used for culture establishment. In short, immature zygotic embryos,
without megametophytes, were placed on modified Litvay’s medium (mLM) containing
half-strength macroelements [26] and 10 puM of 2,4-dichlorophenoxyacetic acid (2,4-D)
and 5 uM of 6-benzyladenine (BA). The sucrose concentration of the medium was 1%
(w/v), and the pH was adjusted to 5.8 prior to adding gellan gum (Phytagel™, Sigma-
Aldrich, Merck KGaA, Darmstadt, Germany, 4 g/L) and autoclaving. The cultures were
kept in the dark (24 °C) for 2 to 8 weeks without subculturing, until embryogenic tissue
(ET) started to grow. Established ETs were subcultured bi-weekly, on fresh Petri dishes
with the same medium.

Cryopreservation and thawing of ETs were done according to Varis et al. [25]. From
each genotype one to four samples were cryopreserved right after initiation using an
increasing sucrose content in mLM medium (0.1 M and 0.2 M sucrose for 24 h for each
concentration) as preconditioning. After that, 200 mg of ET was placed in sterile cryovials
containing 400 uL of liquid mLM medium with 0.4 M of sucrose without plant growth
regulators (PGR) or glutamine, and 400 pL of preservative mixture containing
polyethylene glycol 6000, glucose, and DMSO 10% w/v each was added. Cryovials were
cooled at the rate of 0.17 °C/min to -38 °C in a programmable cooling device (Planer, Kryo
10 Series III, Planer Products, Middlesex, UK) followed by immersion in LN. Vials were
thawed in a water bath at +37 °Cfor 2 min and drained by suction on sterilized filter paper
(Whatman #2, Whatman International Limited, Kent, UK) placed in a Biichner funnel. The
filter papers with samples were placed on a solid mLM medium with a sucrose content of
0.2 M and transferred every 24 h onto media with a decreasing sucrose concentration (0.1
M and 0.03 M).

2.2. SE Development, Germination, and Plant Production

For the maturation in all experiments, from 150 to 200 mg of fresh embryogenic mass
was weighed and dried on filter paper (Whatman #2), using a Buchner funnel with
suction, as was done by Varis et al. [25]. The maturations were made in three replicates
per line using petri dishes filled with 28 mL of mLM maturation medium containing 30
UM of (+)-abscisic acid (ABA) [27]. The maturations were kept at +24 °C in the dark, except
for the maturation experiment in Section 2.4. After eight weeks, the number of
cotyledonary embryos per gram of embryogenic mass (fresh weight) was counted
(E/gFW), after which the embryos were stored on filters on the original maturation
medium at +2 °C in the dark until germination.

The germination of the embryos, as well as measuring and growing the germinated
embryos, i.e., the emblings, was done according to Tikkinen et al. [28]. For germination,
seven to ten embryos were placed on an mLM medium without plant growth regulators
and inorganic ammonium nitrate (NHsNOs), supplemented with 20 g/L of sucrose. The
media contained 950 mg/L of potassium nitrate (KNOs) and 500 mg/L of L-glutamine as
sources of nitrogen. During germination, the petri dishes were kept in a tilted position so
that the cotyledons faced up. The embryos were germinated for two weeks in a growth
room where the air temperature was set to +20 °C, and an 18:6 day/night light period was
applied [28].
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The following hardware was used to produce light depending on the experimental
set up: AP67 spectrum and intensity LED lights (Valoya L14, Helsinki, Finland) (hereafter
AP67), fluorescent lights (Phillips TL-D, Amsterdam, The Netherlands), or adjustable LED
lights (Electronic 3k Factory, South-Eastern Finland University of Applied Sciences,
Savonlinna, Finland) (hereafter adjustable 3k LED). Adjustable 3k LED lights use the pulse
width modulation (PWM) dimming technique, which is based on switching the lights on
and off at intervals. Adjustable 3k LED lights were installed using blue (peak wavelength
of 465), green (peak 530), red (peak 660), and far red (peak 730) diodes. Warm white diodes
were also added. The LED lights were placed in shelves in a 10 m? office room. Different
spectra were separated using thick curtains. Fluorescent lights were either in a similar
room or in a climatic chamber (Pol-Eko KK350, Wodzistaw Slqski, Poland).

Increasing light intensity was used for the germination: 6 pmol/m?/s for the first four
days, 60 umol/m?/s for the three days, and 130 pmol/m?/s for the last seven days, except
for fluorescent lights which produced only 120 pmol/m?/s. The intensity was adjusted
using either layers of a tissue or cloths or adjustable 3k LED lights. Light intensities were
measured using a Li-cor portable photometer (Li-188B, LiCor Inc., Lincoln, NE, USA), and
the wavelength distribution was detected using a Gigahertz Optik Luxmeter (BTS256-EF
BiTec Sensor, Gigahertz-Optik GmbH, Tiirkenfeld, Germany). The data were analyzed
using S-BTS256 V2015.4 and R software (R Core Team, 2011) together with the packages
for photobiology (http://www.rdphotobiology.info/, accessed on 04/03/2021) [29].
Emblings were photographed with a Canon Powershot G5, and the length of the shoot
(hypocotyl) and root meristems on the embryos were measured using Image] software as
shown in Figure 1 (version 1.48v; Java 1.8.0_51 [32-bit]) [30].
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Figure 1. Norway spruce embryos after two weeks’ germination and the illustration of the
measurement of the shoot (a) and root meristems (b). The ruler was for calibration of the Image]
software, distance of the short lines is mm.

The emblings were transplanted into small growing containers (Preforma 126/JIF,
ViVi Pak, KH ’s-Gravendeel, The Netherlands), with 126 plugs per container (plug
volume: 3.4 mL) and were kept under AP67 lights (130 umol/m?/s) following the GT-I
method described by Tikkinen et al. [28]. After three weeks, the foils of the containers
were removed, and the emblings were irrigated for another three weeks, after which the
survival of the emblings was noted. As an exception, in Experiment III Trial 1 the growing
containers were kept under AP67 spectrum lights and fluorescent lights in a climatic
chamber, for four weeks, after which the survival of emblings was noted. Unfortunately,
due to a technical problem, adjustable 3k LEDs were not used during the growing, and
the spectra inside climatic chamber was not measured. The intensity in the climatic
chamber was the same as for the other lights, except that the light came also from the
sides. In the climatic chamber the humidity was controlled and maintained between 50%
and 60% RH. The humidity of the rooms with the LED lights was also increased using a
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humidifier to keep the humidity above 50% RH. The temperature in the climatic chamber
and rooms was controlled and maintained at 23 and 20 °C in an 18:6 photoperiod. Trial 1
of Experiment III was the first in the timeline, and in later trials the AP67 spectrum was
used because of the limited space under the adjustable 3k LED lights or in the climatic
chamber.

Because the luminosity of the blue, green, and far red diodes in adjustable 3k LED
lights were weaker than the luminosity of the red LEDs, in Experiment I the intensities
during proliferation, and in Experiment II Trial 2 intensities during maturation, were
adjusted according to the weakest LED far red level, to 6-7 umol/m?/s. However,
germinating plants need a higher intensity than 7 pmol/m?/s to grow properly. Thus, in
Experiment III in Trial 3 the intensities during germination were adjusted to the same
increasing levels as described above using an additional red diode together with blue,
green, or far red diodes.

Experimental design for the present study is summarized in the Table 1. Experiment
1 focused on proliferation phase, Experiment 2 on maturation of somatic embryos, and
Experiment 3 on their germination, with the following details.

2.3. Experiment I: Proliferation in Different Spectra

The effect of different light spectra during the proliferation was studied in two trials.
In Trial 1, 11 continuously subcultured (no cryopreservation) embryogenic lines of
Norway spruce from six families initiated in 2015 were proliferated in December 2016
under adjustable 3k LED lights in blue and red spectra, as well as in the dark. In Trial 2,
the same lines were proliferated in February 2017 under adjustable 3k LED lights in green
and far red spectra, and in dark. Intensities were adjusted to level 6-7 umol/m?/s in both
trials. Two subcultures were made, and maturations were started in February 2017 in Trial
1 and in April in Trial 2.

Each line was proliferated in one petri dish filled with 21 mL of mLM medium and a
weighed amount of ET divided into 15 clumps. After two weeks’ proliferation, the ET was
weighed and subcultured in a new medium. Weighing and subculturing was repeated
once or twice depending on the condition of the ET. The maturation, germination of the
embryos, and growing of the emblings in growth containers were conducted as explained
in Section 2.2. Seven well-proliferating lines were maturated in both trials, and five of
them produced enough embryos for germination in both trials and for every spectrum
tested. For the germination and growing emblings the AP67 spectrum was used.

2.4. Experiment II: Maturation of Embryos in Different Spectra

The effect of different light spectra at the end of the maturation process was studied
in two different trials. In Trial 1, nine continuously subcultured embryogenic lines of
Norway spruce from seven families initiated in 2015 were maturated in January 2017.
After 32 days of maturation in the dark, the petri dishes were placed under lights with the
following light spectra: (a) blue:green:red:far red in the ratio of 30:15:40:15, and (b)
blue:red:far red in the ratio of 15:80:5, (c) AP67, and (d) in the dark (Figure 2). In Trial 2,
the same lines were maturated in February 2017, and after 31 days of maturation in the
dark, the petri dishes were placed under lights with the following spectra: (a) blue, (b)
green, (c) red, or (d) in the dark. In both trials the maturating embryos were placed for 26
days in different spectra. The intensity was 6-7 pmol/m?/s. Six lines produced enough
cotyledonary embryos (with at least four cotyledons) for germination in both trials and
for each spectrum. The measurements were taken, and the germination of the embryos
was controlled as described in Section 2.2. Light in the AP67 spectrum was used for the
germination.
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Figure 2. The spectra and intensities of the fluorescent and led lights used in the germination experiments (Experiment
III). In the maturation experiment (Experiment II) AP67, blue:green:red:far red, and blue:red:far red spectra were used,
but the intensities were lower.

2.5. Experiment I1I: Germination of Embryos in Different Spectra

The effect of different light spectra during the germination of embryos was studied
in three different trials. At first, to test the suitability of the LED lights and the PWM tech-
nique, seven continuously subcultured and three cryopreserved lines from seven families
initiated in 2014 and 2015 were matured in May 2016. Trial 1 was conducted in two lots in
August and September 2016. Two petri dishes per line filled with seven to ten mature
embryos were placed under the following spectra: (a) AP67; (b) fluorescent lights; and (c)
blue:green:red:far red at a ratio of ratio 30:15:40:15. An increasing light intensity was used
as follows: 6 umol/m?/s for the first five days; 60 umol/m?/s for the next three days; and
130 pmol/m?/s (fluorescent lights 120 pumol/m?/s) for the last six days. After two weeks of
germination, the lengths of the roots and shoots were measured from pictures. All the
emblings germinated under fluorescent lights were grown in fluorescent lights in a cli-
matic chamber. Half of the emblings germinated in AP67 or blue:green:red:far red were
grown in the spectrum AP67, half of them were first placed in blue:green:red:far red light,
but due to technical problems they were moved to a climate chamber after seven days. In
exception to the other trials, the survival of the emblings was noted after four weeks in-
stead of six weeks.

In Trial 2 different spectra and intensities were tested using the following spectra: (a)
AP67; (b) blue:green:red:far red at a ratio of 30:15:40:15; and (c) blue:red:far red at a ratio
of 15:80:5. The intervals of the intensity periods were shortened for spectrab and cin order
to raise the accumulating intensity to 6 pmol/m?/s for the first three days, 60 pmol/m?/s
for the two days, and 130 pmol/m?/s for the last nine days. The intensity level was not
raised at the end to avoid heating of the air inside the petri dishes. In February 2017 em-
bryos from six lines initiated and cryopreserved in 2014 and thawed and matured in au-
tumn 2016 were placed on petri dishes. Nine embryos were placed in one petri dish, and
three petri dishes per line were placed under every light spectrum.
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In Trial 3 the effect was tested of the individual colors of the light using adjustable 3k
LED lights. The lights used were in the blue, green, red, and far red spectra. The intensities
were adjusted to the same level using an additional red diode together with blue, green,
or far red. The highest intensity gained with only blue and green LEDs was 60 umol/m?/s,
and with far red LEDs it was 6 pmol/m?/s. Valoya AP67 lights were used as controls. Trial
3 was conducted in three lots; in the first lot embryos from five continuously subcultured
lines initiated in 2014 and 2015 and matured in October 2017 were germinated in January
2018. In the second lot embryos from five cryopreserved lines initiated in 2014 were
thawed and matured in spring 2018 and germinated in August 2018. In the last lot, five
cryopreserved lines initiated in 2014 and thawed and matured in spring 2018 were germi-
nated in September 2018. In Trials 2 and 3 the measurements and the growth of the em-
blings were carried out as described in Section 2.2.

2.6. Measurements and Data Analysis

The ET growth percentage was counted as (weight at subculture 1-weight at the be-
ginning)/weight at the beginning *100. Cotyledonary embryos were counted, and the em-
bryo production capacity was calculated per one gram of fresh cell mass (E/gFW). The
mean values are presented with the standard error (+). For the mean ratios of ET growth
between the groups of each line or spectrum, and the root length, shoot length, or root-to-
shoot ratio between groups of dead or alive emblings, Levene’s test was used to analyze
the equality of error variances. For equal error variances, the differences in means were
analyzed using a one-way ANOVA with a Tukey test for post hoc comparisons. If the
variances of the groups were unequal, an analysis was done using a Kruskall-Wallis test
(K-W test) or Mann—Whitney U test with Tamhane’s T2 test for post hoc comparisons.
Considering means ratios of E/gFW, the root length, shoot length, or root-to-shoot ratio a
univariate generalizer linear model (GLM) was used with the line and spectrum as fixed
factors. Descriptions of which statistical methods were used in the different experiments
together with p-values are provided in Supplementary Tables S4, S5, S7, S8, and S10. Dif-
ferences in embryo production, root and shoot length, and survival % between SE lines
are illustrated in Supplementary Figures S1-56.

A logistic regression was used to examine the differences in survival of the emblings
(0 =dead, 1 = alive), while the genotype and spectrum were used as covariates. Survival
percentages are presented to illustrate the levels of survival in different spectra or SE lines.
The effect of the root and shoot length, root-to-shoot ratio, and location inside the growth
containers was studied in Experiment III in Trials 1, 2, and 3. The effects were not signifi-
cant and decreased or increased the percentage of correctly predicted cases by less than
0.5%; hence, those covariates were excluded from the final models in all experiments. De-
scriptions of the models used are provided in Tables S11-S14. All measurements and in-
ventory results were analyzed using IBM SPSS Statistics 26. The level of confidence used
was 95%.
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Table 1. Schematic description of experiments and treatments used in different phases of SE production in Experiments I
to III. An 18:6 day/night light period was applied in every experiment.

. . Proliferation Maturation Germination Growth
Experiment Trial
Spectrum Spectrum Spectrum Spectrum
Experiment I 1 Blue Dark AP671 AP67
Red Dark AP671 AP67
Dark Dark AP671 AP67
2 Green Dark AP67 1 AP67
Far red Dark AP67 1 AP67
Dark Dark AP67 1 AP67
Experiment II 1 Dark AP67 AP67 1 AP67
Dark Blue, red, far red AP671 AP67
Dark Blue, green, red, far red AP671 AP67
Dark Dark AP67 1 AP67
2 Dark Blue AP671 AP67
Dark Green AP671 AP67
Dark Red AP671 AP67
Dark Dark AP67 1 AP67
Experiment III 1 Dark Dark Fluorescent 2 Fluorescent
Dark Dark AP67 3 Fluorescent
Dark Dark AP67 3 AP67
Dark Dark Blue, green, red, far red 3 Fluorescent
Dark Dark Blue, green, red, far red 3 AP67
2 Dark Dark AP67 4 AP67
Dark Dark Blue, red, far red 4 AP67
Dark Dark Blue, green, red, far red ¢ AP67
3 Dark Dark AP67 4 AP67
Dark Dark Blue ¢ AP67
Dark Dark Green 4 AP67
Dark Dark Red 4 AP67
Dark Dark Far red ¢ AP67

!Four days in 6 umol/m?/s, 3 days in 60 pmol/m2/s, and 7 days in 130 pmol/m?/s; 25 days in 6 umol/m?/s, 3 days in 60
pmol/m2/s, and 6 days in 120 pmol/m?/s; 35 days in 6 pumol/m?/s, 3 days in 60 pmol/m2/s, and 6 days in 130 pmol/m?/s; 4
3 days in 6 pmol/m?/s, 2 days in 60 umol/m2/s, and 9 days in 130 pumol/m?/s.

3. Results
3.1. Experiment I: Proliferation in Different Spectra

The mean growth percentages varied between genotypes (from 10 to 570%), but not
between spectra for the first subculture (Figure 3a, Supplementary Tables S3 and S4). For
the second subculture the ET growth percentage was higher in the dark (187%) than under
blue light (131%) (Figure 3b). The ET growth percentage was better in the dark than under
any light also in Trial 2, but the differences were not significant. The ET growth percentage
in the dark was higher in Trial 2 than in Trial 1, and in the second subculture it was sig-
nificantly higher.
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Figure 3. (a,b). Experiment I: the growth percentages of Norway spruce embryogenic tissue (ET) when 11 somatic embry-
ogenesis (SE) lines were proliferated under different spectra. In the experiment one sample from each SE line was placed
in each spectrum. The asterisk (*) represents the same control treatment in which the ET was proliferated, and somatic
embryos were matured in the dark. The mean values of the SE lines combined (Total) are presented with standard error

bars. Significant differences between the mean values within each trial are marked with differing letters. The 95% confi-
dence level was used.

More differences were found in the embryo yield. In both trials, the embryo yield
differed according to the light used and the SE lines (Figure 4, Figure Sla, Table S4). Sim-
ilarly, as for the ET growth, the lowest embryo yield was for proliferation in blue light
(123 E/g FW) and was the best in the dark (214 E/g FW). In Trial 2, the lowest embryo
yield, 42 E/g FW, was when ET had been proliferated under far red light, while under
green light it was 73 E/g FW, and in the dark it was 66 E/g FW. Opposite to the ET growth



Forests 2021, 12, 301

10 of 17

150
100

Ebryos/ g Fresh W
o &

Blue NS o

percentage, more embryos were produced from ET proliferated in the dark in Trial 1 than
in Trial 2.

Embryo productivity

AP67

I >
Red -
Dark * I o

Green NS o

Farred I o
s »

Dark *
Dark *

Blue: red: far red

Blue: green: red: far red

Trial 1 Trial 2 Trial 1 Trial 2

Experiment I Experiment II

Figure 4. Norway spruce somatic embryo production capacity in Experiment I, in which ET was proliferated under dif-
ferent light spectra, and then the embryos were matured in the dark. In Experiment II, developing embryos from ET pro-
liferated in the dark were kept under different light spectra for 29 days at the end of maturation. The mean values are
presented with standard error bars. Significant differences within each trial are marked with differing letters. The asterisk
(*) in different experiments represents the same control treatment in which the ET was proliferated, and somatic embryos
were matured in the dark. The 95% confidence level was used. The differences in embryo productivity between SE lines
are illustrated in Supplementary Figure 1.

In Trial 1, the root length and root-to-shoot ratio differed significantly between the
SE lines, and the differences were the same across the light spectra (Figure 5, Figure S2a,
Table S5). In Trial 2, the roots of the germinated embryos matured from ET grown in the
dark were longer (11 mm) than the roots of embryos matured from ET grown under green
light (8 mm). Additionally, the shoot length varied: the longest shoots were for emblings
germinated from ET proliferated under far red light, while the shortest shoots were from
emblings that had been proliferated under green light. The root-to-shoot ratio was the
highest for the embryos that had been grown in the dark.

Differences in embryos matured in the dark in Trials 1 and 2 were contradictory: the
roots were longer in Trial 2, while the shoots were longer in Trial 1, and the root-to-shoot
ratio was higher in Trial 2.

When the survival of the emblings (dead/alive = 0/1) was modeled using SE lines and
spectra as covariates, the effects were not significant, and they decreased or increased the
correctly predicted cases by less than 0.5%. Survival percentages are presented to illustrate
the levels of survival in different spectra (Figure 6) or SE line (Figures S5-56).
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Embling root and shoot growth
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Figure 5. The root and shoot length of germinated embryos from Experiment I, in which ET was grown under different
light spectra, the embryos were matured in dark and germinated under AP67 light; Experiment II in which embryos from
ETs grown in dark were matured for the last 26 days under different spectra and then germinated under AP67 light; and
from Experiment III in which embryos from ET grown and matured in the dark were germinated under different spectra.
The mean values are presented with standard error bars. The asterisks (*) in the different experiments represent the same
control treatment in which ET was proliferated , and somatic embryos were matured in the dark, and the embryos were
germinated under light in the AP67 spectrum. Significant differences within each trial are marked with differing letters.
The 95% confidence level was used. The differences in root and shoot lengths between SE lines are illustrated in Supple-

mentary Figures 52-54.

3.2. Experiment 1I: Maturation of Embryos in Different Light Spectra

Maturing the embryos under different light spectra or in the dark had no effect on
the embryo yield. Variation occurred only between the SE lines (Figure 4, Figure S1b, Ta-
bles S6, S7 and S8). More embryos were gained from the ET proliferated in the dark in
Trial 1 (162 E/g FW) than in Trial 2 (121 E/g FW), while some variation was found also
between the SE lines.

In all trials the genotype affected the root length, shoot length, and root-to-shoot ratio
more than the light spectrum (Figure S2b). In Trial 1, when the embryos were maturated
in the dark, the shoots of the emblings were longer than for emblings from maturations in
any light (Figure 5). The mean length of the roots did not differ for the different spectra;
thus, the root-to-shoot ratio was the lowest when embryos were matured in the dark.

In Trial 2, emblings from maturations under green had the longest roots and shoots
and the highest root-to-shoot ratio. The roots of the emblings that had undergone matu-
ration in the dark were longer in Trial 1 than in Trial 2. The root-to-shoot ratio was higher
in Trial 1.

In Trial 1 the effects of the SE line or spectrum on survival of the emblings were not
significant and increased the correctly predicted cases by less than 0.5%. In Trial 2 the
survival rates varied between SE lines but not among tested spectra.
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Figure 6. Survival percentages of emblings after six weeks’ growth (or four weeks in Experiment III Trial 1) in growth
containers. In Experiment I ET was grown under the light spectra shown in the figure, embryos were matured in the dark
and germinated under AP67 spectrum light. In Experiment II embryos from ET grown in the dark were matured for the
last 26 days under the light spectra shown in the figure, and then germinated under AP67 spectrum light. In Experiment
IIT embryos from ET grown and matured in the dark were germinated in the spectra shown in the figure. The emblings
were kept in growth containers under AP67 spectrum light except in Experiment III Trial 1 where they were kept under
AP67 light and fluorescent lights in a climatic chamber. The treatments marked with an asterisk (*) in the different exper-
iments represent the same control treatment in which the ET was proliferated, and the somatic embryos matured in the
dark, while the embryos germinated and grew under AP67 spectrum light. The differences in survival of emblings be-
tween SE lines are illustrated in Supplementary Figures S5-S6. The results from logistic regression analysis used to exam-
ine the differences in survival of the emblings (0 = dead, 1 = alive) are in Supplementary Tables S11-514.

3.3. Experiment I1I: Germination of Embryos in Different Light Spectra

The effect of different light spectra was more significant in Experiment III than the
previous experiments; however, the SE line also affected the germination more than the
spectra in this experiment (Tables S9 and S10).

In Trial 1 when the cotyledonary embryos were germinated under spectrum AP67
light, the shoots grew longer than under fluorescent lights or under blue:green:red:far red
spectra (Figure 5). Because the root lengths did not differ according to the spectra, the
root-to-shoot ratio was lower for the embryos germinated under spectrum AP67 light. In
Trial 2, the roots of the embryos were shorter for those germinated under AP67 light than
under the blue:red:far red or blue:green:red:far red spectra, and shoots were longest for
those germinated under the blue:red:far red spectra; thus, the root-to-shoot ratio was low-
est under the AP67 light. In Trial 3 the AP67 and far red spectra were the most beneficial
spectra for root growth and green, red, and far red were the most beneficial spectra for
shoot growth. The root-to-shoot ratio was highest when the embryos were germinated
under AP67 and far red light.

The survival ratio varied between the SE lines in Trial 1, and the spectrum during
embling growth had an effect on embling survival; however, the spectra during embryo
germination had only a small effect. The highest survival % was when the embryos were
germinated under AP67 light and the emblings were grown in a climate chamber under
fluorescent lights (71%). The lowest survival % was when both germination and growth
were under AP67 lights (29%). In Trial 2, the survival ratio varied between the SE lines
and spectra. The best survival percentage was when the embryos were germinated under
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blue:green:red:far red, light. In Trial 3, the survival rate also varied between the SE lines
and spectra. The best survival percentage of the emblings was when the embryos were
germinated under light in the AP67 spectrum.

4. Discussion
4.1. The Effect of Light on the Proliferation of ET and Maturation of Somatic Embryos

Genotypic differences explain most of the differences in every experiment and trial,
and the differences between SE lines were in some cases remarkable. However, for prac-
tical applications SE protocols must be suitable for a wide range of genotypes. Therefore,
a larger number of genotypes, from 6 to 13 depending on the trial, were tested in the pre-
sent study.

Our study showed that low-intensity lighting during the proliferation of Norway
spruce ET and during the maturation of SE embryos had some disadvantages but also
advantages. Blue light during proliferation inhibited the growth of ET, but also reduced
the number of mature embryos (E/g FW). On the other hand, when maturing embryos
were exposed to blue light no effect was found on the number of good quality mature
embryos (E/g FW). Green light during proliferation enhanced embryo productivity, but
the roots and shoots of the germinated embryos were shorter than embryos from ET pro-
liferated under far red light or in the dark. In addition, maturation under green light en-
hanced the growth of roots and shoots.

The effect of blue light is in line with the study by Latkowska et al. [20], in which blue
light inhibited the growth of two Norway spruce ET genotypes out of three studied. In
that study the light intensity was 30 umol/m2/s, which was higher than in our prolifera-
tion and maturation experiments (6-7 pmol/m?/s). In practice, when ET is subcultured or
mature embryos are counted for research purposes, the lights may be more intense than
in our study, but the time of exposure to the lights is usually short, and the intensity of
blue light is minor in fluorescent or LED lamps used for lightning in laboratory rooms or
with stereo microscopes. When von Aderkas exposed maturing hybrid larch (Larix x
marschlinsii) for seven weeks to cool white lights at an intensity of 20 pmol/m?/s the num-
ber of mature embryos was same as in the dark [31].

Besides more intensive fluorescent and LED lights, the effect of green light on prolif-
eration and maturation should be further examined. According to Folta and Maruhnich
[32], green light has discrete effects on plants via phytochrome and cryptochrome recep-
tors. There are no studies of photoreceptors in ET or maturing somatic embryos as far as
we know. We do know that development of Norway spruce seeds and zygotic embryos
are controlled by the photoperiod together with temperature, and the memory effect can
be expressed even in the second growth season [33]. However, this may be due to meth-
ylation processes during the development of zygotic embryos [34]. It seems that the
memory effect may not have affected the growth of emblings in our study because the
light treatment during proliferation or embryo maturation had no effect on the embling
survival, or the light intensity was too low to have an effect.

In proliferation experiments, notable differences were found between the trials in the
ET growth and embryo productivity in controls (dark); although the growth of ET was
better in the second trial than in the first, the number of mature embryos was much lower.
The embryo productivity was lower in Trial 2, also in the maturation experiment. Over
time, ET cultures lose their ability to regenerate [35,36]; however, in Experiment II there
were only two weeks between the trials. It is likely that the ET from which the material
for both trials was taken was still recovering from the subculturing for Trial 1 when Trial
2 began, and there were not enough good quality ET. Abscisic acid (ABA) in the culture
medium allows embryo development to proceed [37]. ABA is a photosensitive growth
hormone, and possible differences in the ABA lot or in the preparation of the ABA stock
or medium lots may have also affected the outcome of maturation.
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4.2. Embryo Germination and Embling Growth under Different Lights

The series of experiments started from germinating mature embryos and growing
emblings under fluorescent lights, AP67 spectra LEDs, and adjustable 3k LED lights. The
aim was to both compare fluorescent lights and LEDs and test the usability of the PWM
dimming technique on plant growth. Unfortunately, due to technical problems, the PWM
technique could be compared only in germination. Even though using LEDs with PWM
technique led to shorter shoots, the embryos germinated successfully, and the PWM dim-
ming technique was adopted also in the other trials. This is, to our knowledge, the first
report showing the applicability of the PWM technique to conifers ET. Shimada and
Taniguchi used LEDs with a PWM technique to successfully grow Arabidopsis thaliana [23],
and carnation (Dianthus caryophyllus) plants made flowers in a study by Senol et al. [38].

Based on the survival % in Trial 1, fluorescent lights should have been the obvious
choice for embling growth lights. However, the growth conditions inside the climatic
chamber were more controlled than in the room where the LEDs were. For example, the
relative humidity was under better control, which may be the real reason for the higher
survival %. Unfortunately, the climatic chamber also had technical problems, and it was
too small for practical use. Space under the adjustable 3k LEDs was also limited; thus,
LEDs with AP67 spectra were adopted for the embling growth lights in the next trials.

In the second trial in Experiment III, the intensity of the adjustable 3k LED lights was
increased, and a new combination of spectra was added: green diodes were switched off
and the intensity of red was increased. It had a positive effect on shoot growth; however,
the balance between the roots and shoots was the best when the embryos were germinated
under AP67 light, and the survival of the emblings was the highest when green was still
on and the ratios of red and blue light were the same.

Increasing the intensity clearly benefitted the root and shoot growth and the survival
of the emblings. However, Norway spruce is a shade-tolerant species, and too much light
may be harmful; in addition, it increases the consumption of electricity, and produces ex-
cess heat which leads to the need for cooling. For Norway spruce seedlings Hernandez
Velasco and Mattsson [39] supposed that an optimum intensity would be between 100
and 200 umol/m=2/s-! for 35-day seed germination, but also higher intensities have been
recommended for seedling production [40,41]. In our study the intensity was 130
pmol/m-?/s—1 at the end of 14 days of germination.

Differences in the root and shoot growth were more abundant in the germination
experiments than in the proliferation or maturation experiments. The shoots grew longest
when germinated under red spectrum light or when red was the main component in the
lights. The intensities during proliferation and maturation may have been too low to have
an impact on the later development of the embryos. Blue, green, and far red diodes in
adjustable 3k LEDs had remarkably less luminosity than red diodes, and the results espe-
cially from green and far red lights in Trial 3 are connected to the red lights. In Trial 3 the
shortest roots and shoots were for those embryos germinated under blue light. The ger-
mination and root growth of Norway spruce somatic embryos were inhibited by blue light
in a study by Kvaalen and Appelgren [16]. In their study the hypocotyl length was ap-
proximately 8 mm in blue light and approximately 13 mm in red or yellow light. The roots
were also 50% longer when grown under red rather than blue light. In our study all em-
bryos were determined as germinated because all had either root growth, or their hypo-
cotyls turned to green and had become elongated.

The root or shoot length, or their ratio, had no effect on the embling survival in the
germination experiments, in which the development of each individual embling was fol-
lowed. The survival of an embling was dependent on the genotype, and in Trials 2 and 3
also on the germination spectra. The survival % in the germination experiments was quite
low, especially in Trial 3. It seems that in that trial the root-to-shoot ratio was lowest when
survival was the lowest, but as mentioned before, the relationship was not significant. One
possible explanation is that the relative humidity in the growth room was too low, and
the watering of the growth chambers was unbalanced that time round.
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5. Conclusions

LED lights connected with a PWM dimming technique can be used in Norway spruce
SE production as well as fluorescent lights. Keeping ET and maturing embryos in the dark
is already routine in protocols, and that recipe can be followed also in the future. How-
ever, there is no harm in exposing ET or maturing embryos to small-intensity lights if a
high proportion of blue light is avoided. Green light during proliferation may be benefi-
cial to embryo productivity and during the maturation phase for the later growth of the
embryos. It seems that the best survival in emblings was achieved when different wave-
lengths are in balance and the intensity is high enough during germination. In addition,
the spectra and intensity together with other conditions during embling growth have
great importance on their ability to survive.

Supplementary Materials: The following are available online at www.mdpi.com/1999-
4907/12/3/301/s1. Tables S1-52: Information about SE lines used in the experiments. Tables S3-514:
Average and standard error results from the experiments in different spectra, and information about
the statistical methods used in the analysis. Figures S1-S6: Bar charts of the genotypic differences in
different spectra.
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