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Abstract
Several coniferous species can today be propagated through somatic embryogenesis, but for species belonging to the Pinus
genus, there are still problems related to the small number of genotypes from which embryogenic cultures can be established and
the low yield of high-quality cotyledonary embryos. In order to pinpoint molecular processes that might be disturbed during
somatic embryogenesis in Scots pine, we have analyzed the expression pattern of selected transcripts during development of
somatic embryos in a normal and an abnormal cell line of Scots pine. The selected transcripts have been previously shown to be
differentially expressed during early zygotic embryogenesis in Scots pine (Merino et al. 2016). Based on the transcripts that
accumulated differentially between the two cell lines, we conclude that the apical–basal polarization in early somatic embryos
and the transition from the morphogenic phase to the maturation phase are disturbed in the abnormal cell line. A comparison
between transcript accumulation during somatic and zygotic embryogenesis highlighted problems with the continuous embryo
degeneration processes in embryogenic cultures of Scots pine. Transcripts that were highly abundant during the cleavage process
in zygotic embryos showed different accumulation patterns during somatic embryogenesis in Scots pine compared to those in
Norway spruce. Furthermore, altering the expression of these transcripts in embryogenic cultures of Norway spruce resulted in a
changed proliferation pattern of the embryos so that they became more similar to proliferating somatic embryos of Scots pine.
Taken together, our results provide a deeper understanding of the deviations in abnormal cell lines and indicate that embryogenic
cultures of Scots pine are proliferating by a cleavage-like process.
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Introduction

Somatic embryogenesis is a powerful tool to propagate conifers
vegetatively. The possibilities to scale-up the multiplication rate

in bioreactors and to cryostore the embryogenic cultures confer
advantages over propagation via cuttings. However, it is impor-
tant that the quality of the somatic embryo plants is comparable
to that of seedlings. Several coniferous species can today be
propagated via somatic embryos, but most species belonging
to Pinus are recalcitrant to develop somatic embryos. A number
of experimental approaches, mainly based on trial and error
strategies, have been taken to improve the protocols for initia-
tion of embryogenic tissue and subsequent development of cot-
yledonary embryos (Klimazewska et al. 2007; Lelu-Walter
et al. 2013). Although improvements have been made, further
studies and new approaches are required to gain a better knowl-
edge of the somatic embryogenesis process in species belong-
ing to the Pinus genus. For example, comparative studies of
somatic and zygotic embryogenesis will be important for mak-
ing it possible to produce refined protocols and to determine the
quality of the somatic embryos.
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Polyembryony is a common feature in coniferous spe-
cies (Buchholtz 1926). There are two types of polyembry-
ony in conifers with respect to the origin of the embryos:
(a) simple polyembryony, owing to fertilization of eggs in
more than one archegonium, and (b) cleavage polyembry-
ony, due to the splitting of the proembryo. During cleavage
polyembryony, the proembryo goes through a cleavage
process usually resulting in four equal-sized embryos.
Successively, one of the embryos becomes dominant,
while the remaining subordinate embryos are degraded
by programmed cell death (PCD) (Filonova et al. 2002).
Embryogenic tissue, from which high-quality mature so-
matic embryos can be regenerated, can be established from
a high frequency of cotyledonary zygotic embryos in, for
example, Nordmann’s fir (Abies nordmanniana) (Find
2016), larch species (Larix sp.) (Lelu-Walter et al. 2016),
and Norway spruce (Picea abies) (von Arnold and
Clapham 2008), species having simple polyembryony.
However, in most Pinus species, having cleavage polyem-
bryony, embryogenic cultures have to be initiated from
immature zygotic embryos during the cleavage process
(Klimazewska et al. 2007). The main limitations with
Pinus species are that proliferating embryogenic tissue on-
ly can be established from a limited number of immature
zygotic embryos and that only few cell lines give rise to
high-quality mature somatic embryos. We have previously
shown that early embryos in Scots pine (Pinus sylvestris)
cell lines that give rise to abnormal cotyledonary embryos
carry supernumerary suspensor cells (Abrahamsson et al.
2012) and that the degeneration pattern of early and late
embryos differs between normal and abnormal cell lines
(Abrahamsson et al. 2017). Furthermore, the degeneration
pattern observed in abnormal cell lines seems to start al-
ready during the initiation of embryogenic tissue. It has
been suggested that the low initiation frequency of em-
bryogenic tissue and the poor regeneration rate in Pinus
species are directly or indirectly connected to cleavage
polyembryony (Klimazewska et al. 2007; Abrahamsson
et al. 2017).

Most of our knowledge about molecular regulation of
embryonic patterning has been derived from the angio-
sperm model plant Arabidopsis (Arabidopsis thaliana),
while our knowledge about molecular regulation of em-
bryo development in conifers is limited. Molecular data
suggest that angiosperms and gymnosperms shared a final
common ancestor about 300 million years ago (Smith
et al. 2010) and later evolved different embryo develop-
ment pathways. Despite the different patterning during
embryo development, significant homologies between co-
nifers and angiosperms have been shown, for example, in
apical–basal embryo patterning driven by polar auxin
transport (Larsson et al. 2008a, b, 2012a, b) and in radial
patterning (Zhu et al. 2016). In addition, out of 295

Arabidopsis genes related to embryogenesis, 85% had a
strong sequence similarity to an expressed sequence tag in
the loblolly pine (Pinus taeda) database (Cairney and
Pullman 2007). However, it is important to gain knowl-
edge about the temporal and spatial expression pattern for
different genes in order to understand the fundamentals of
embryogenesis in conifers.

Studies have been performed to gain information about
the molecular processes regulating different steps of so-
matic and zygotic embryogenesis in conifers. In white
spruce (Picea glauca), an association between biotic de-
fense elicitation and suppression of embryogenic compe-
tence was detected (Rutledge et al. 2013). However, in
Norway spruce, both stress-related processes and auxin-
mediated processes were shown to be associated with ear-
ly somatic embryo development (Vestman et al. 2011). In
maritime pine (Pinus pinaster), it was found that epige-
netic regulation and transcriptional control related to aux-
in transport and response are critical during the differen-
tiation of dominant zygotic embryos (Vega-Bartol et al.
2013). Furthermore, low global DNA methylation in em-
bryogenic cultures of black spruce (Picea nigra) was
shown to be associated with higher maturation ability
(Noceda et al. 2009).

We recently performed a transcriptome analysis during ear-
ly zygotic embryo development in Scots pine (Merino et al.
2016). A number of different transcripts were identified as
potential regulators of the cleavage process and for the devel-
opment of dominant embryos. In order to pinpoint molecular
processes that might be disturbed during somatic embryogen-
esis, we have here analyzed the expression of these transcripts
during somatic embryo development in a normal and an ab-
normal cell line of Scots pine. In addition, we analyzed their
expression pattern during somatic embryogenesis in Norway
spruce, which has simple polyembryony and not cleavage
polyembryony as in Scots pine. Transcripts that were differ-
entially expressed in the two Scots pine cell lines were related
to apical–basal polarization of the somatic embryo and transi-
tion from the morphogenic phase to the maturation phase.
Differences in transcript accumulation during somatic and zy-
gotic embryogenesis were mainly related to the degeneration
processes in somatic embryos. Transcripts that were highly
abundant during the cleavage process in zygotic embryos
were differentially expressed during somatic embryogenesis
in Scots pine as compared to Norway spruce. Altering the
expression of these transcripts in embryogenic cultures of
Norway spruce resulted in a changed proliferation pattern of
the embryos so that it became more similar to the cleavage-
like proliferation process occurring in embryogenic cultures of
Scots pine.

Taken together, our results provide a deeper understanding
of the deviations in abnormal cell lines of Scots pine. This in
turn provides clues on how to improve the culture conditions
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in order to regenerate high-quality mature somatic embryos in
Pinus species.

Material and methods

Plant material

Two embryogenic cell lines of Scots pine (P. sylvestris L.)
were used in this study: cell line 12:12 which mainly gives
rise to cotyledonary embryos with normal morphology and
cell line 3:10 which mainly gives rise to cotyledonary embry-
os with abnormal morphology (Abrahamsson et al. 2012).
Both cell lines were established in the year 2000 (Burg et al.
2007). For qRT-PCR analyses, the Norway spruce (P. abies L.
Karst) embryogenic cell line 61:21 (established in 1995;
Högberg et al. 1998) was used. The same cell line as well as
cell line 11:18 (established in 2011, unpublished data and
kindly provided by the Swedish Forestry Research Institute)
was used as background to generate transgenic sub lines. All
cell lines were stored in liquid nitrogen and thawed before
starting the experiments. The Scots pine cell lines were cul-
tured on solidified medium (see Abrahamsson et al. 2017),
and the Norway spruce cell lines were cultured in liquid and
on solidified medium (see von Arnold and Clapham 2008).
Briefly, the cultures were proliferated on proliferation media
containing 2,4-dichlorophenoxyacetic acid (2,4-D) and
benzyladenine (BA) as plant growth regulators (PGRs). To
stimulate differentiation of early embryos, the cultures were
transferred to pre-maturation media lacking PGRs. Thereafter,
the cultures were transferred to maturation media containing
abscisic acid (ABA) for the development of late and mature
embryos.

Sample collection for expression analyses

Somatic embryos from the Scots pine cell lines 3:10 and 12:12
were collected at six consecutive developmental stages during
embryo development (Abrahamsson et al. 2012, 2017). Stage
1a, embryogenic cell aggregates proliferating on proliferation
medium. Stage 1b, embryogenic cell aggregates, with globu-
lar structures, collected one week after transfer to pre-
maturation medium. Stage 1c, differentiating early embryos,
collected 1–2 weeks after transfer to maturation medium.
Stage 2, early embryos, collected 2–3 weeks after transfer to
maturation medium. Stage 3, late embryos, collected 2–
5 weeks after transfer to maturation medium. Stage 4, late
embryos before cotyledon differentiation, collected 5–7 weeks
after transfer to maturation medium.

Somatic embryos from the Norway spruce cell line 61:21
were collected at eight consecutive developmental stages dur-
ing embryo development (Larsson et al. 2012a). Stage 1, pro-
liferating proembryogenic masses (PEMs) in proliferation

medium. Stage 2, early embryos, collected one week after
transfer to pre-maturation medium. Stage 3, late embryos,
collected 1–2 weeks after transfer to maturation medium.
Stage 4, late embryos before cotyledon differentiation, collect-
ed 2–3 weeks after transfer to maturation medium. Stages 5, 6,
and 7, maturing embryos, collected 3–7 weeks after transfer to
maturation medium. Stage 8, cotyledonary embryos, collected
6–7 weeks after transfer to maturation medium.

Three biological replicates were collected from each re-
spective developmental stage. Whole mount of tissue (100–
150mg) was collected from stages 1a and 1b in Scots pine and
from stages 1 and 2 in Norway spruce. From later stages, each
sample included 20 to 30 embryos collected individually un-
der a stereomicroscope. The samples were snap frozen in liq-
uid nitrogen and stored at − 80 °C until use.

RNA extraction and cDNA synthesis

The frozen embryo samples were ground to powder in a
Tissue lyser II (Qiagen) using a single stainless steel bead.
Total RNA was isolated from the samples using the
Spectrum Plant Total RNA kit (Sigma-Aldrich), including
the additional On-Column DNAse I Digestion protocol, ac-
cording to the manufacturer’s instructions. The quantity of the
extracted RNAwas measured using a NanoDrop-1000 spec-
trophotometer (Nanodrop Technologies), and the integrity
was verified by 1% agarose gel electrophoresis. cDNA was
synthesized from 500 ng total RNA using the PrimeScript™
RT reagent Kit (Takara), according to the manufacturer’s
instructions.

Quantitative real-time PCR

Quantitative RT-PCR was performed in a Bio-Rad CFX
Connect™ Real-Time PCR Detection System Cycler (Bio-
Rad Laboratories) starting from 5 ng cDNA. Three biological
replicates, each with two technical replicates, were analyzed
for each transcript. Transcript expression values were normal-
ized against two reference genes, ELONGATION FACTOR 1
(EF1) and PHOSPHOGLUCOMUTASE (PHOS) (Merino
et al. 2016). The relative expression profile for each transcript
was estimated by the Livak method (2−ΔΔC), by referring to
the developmental stage showing the lowest accumulation
level. The primer sequences used to analyze the expression
level of the transcripts in Scots pine embryogenic cultures
were shown in Merino et al. (2016), except for the primers
used to analyze NAC DOMAIN CONTAINING PROTEIN 47
(NAC47), which are presented in Table S1. All primers used
for Norway spruce are listed in Table S1. Significant differ-
ences in transcript accumulation between different embryo
developmental stages were estimated by a t test mean com-
parison analysis (P ≤ 0.05) using the JMP software (v11).
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Vector construction and transformation

To generate overexpression constructs, full-length coding se-
quences for the beta-expansin gene EXPB1, and for ROP-
INTERACTIVE CRIB MOTIF-CONTAINING PROTEIN 3
(RIC3), and SOMATIC EMBRYOGENESIS RECEPTOR-
LIKE KINASE1 (SERK1) were amplified from cDNA of
needles of Scots pine. Total RNA was extracted from
100 mg of powdered needles following the protocol described
by Canales et al. (2012). Traces of genomic DNA were re-
moved using the DNA-free™ Kit (Ambion, Life
Technologies), and the corresponding cDNAwas synthesized
using the PrimeScript™ RT reagent Kit (Takara), according to
the manufacturer’s instructions. To produce an entry clone,
specific primers containing the cloning adapter CACC were
designed by using the Scots pine zygotic transcriptome output
sequences as templates (Merino et al. 2016). The obtained
PCR products, amplified with the Phusion™ High-Fidelity
DNA Polymerase (Thermo Scientific), were gel-purified with
the GeneJET Gel Extraction Kit (Thermo Scientific) and in-
troduced into the pENTR™/D-TOPO® vector by using the
pENTR™ Directional TOPO® Cloning Kit (Invitrogen), fol-
lowing the manufacturer’s instructions. The primer sequences
used to generate overexpression constructs are listed in
Table S2.

To obtain RNA interference constructs, total RNAwas ex-
tracted from 100 mg of powdered Norway spruce needles and
the corresponding cDNA was synthesized as described for
overexpression constructs. From non-conserved regions of
TRANSPARENT TESTA7 (TT7) and the cytochrome P450
gene CYP78A7 coding sequences, two fragments around
300 and 400 bp long, with 100-bp sequence overlap, were
amplified with primers including BamHI or EcoRI restriction
endonuclease sites. The resulting PCR products (F1 and F2
fragments, respectively) were digested, purified with the
GeneJET PCR Purification Kit (Thermo Scientific) and ligat-
ed to form a hairpin construct (Fig. S1). The desired fused
fragment (F1 + F2), around 700 bp long, was purified from a
1.2% agarose gel and introduced into the pENTR/D-TOPO
vector, as described for overexpression constructs. The
primers designed for this purpose are listed in Table S3.

Both overexpression and RNA interference constructs
were inserted into the pMDC32 (2x35S promoter) destination
vector (Curtis and Grossniklaus 2003) using the att site LR
recombination reaction (Life Technologies) and cloned into
Escherichia coli DH5α™-competent cells (Thermo
Scientific) following the manufacturer’s instructions.
Plasmid DNA from transformed cells was isolated with the
GeneJET Plasmid Miniprep Kit (Thermo Scientific), and the
final overexpression or RNA interference constructs were
confirmed by sequencing. The constructs were introduced into
the Agrobacterium tumefaciens C58C1 strain carrying the ad-
ditional virulence plasmid pTOK47 through the freeze/thaw

method (Holsters et al. 1978; Höfgen and Willmitzer 1998).
The GUS:pMDC32 vector was used as transformation
control.

Norway spruce embryogenic cell lines 61:21 and 11:18
were transformed by co-cultivation with A. tumefaciens ac-
cording to the protocol described by Zhu et al. (2014), with
some modifications. Briefly, cell cultures, which had been
proliferating for 1 week in liquid medium, were co-
cultivated with A. tumefaciens for 5 h. The cultures were then
poured onto filter papers placed on solidified proliferation
medium and incubated in darkness for 48 h. The filter papers
were thereafter transferred to proliferation medium supple-
mented with 400 mg ml−1 timentin (Duchefa), 250 mg ml−1

cefotaxime (Sandoz A/S), and 5 mg ml−1 hygromycin B
(Duchefa). After one week, the filter papers were transferred
to a medium of the same composition except that the
hygromycin supply was increased to 7.5 mg ml−1. Two weeks
later, the hygromycin supply was increased to 10 mg ml−1,
and after another two weeks, to 15 mg ml−1.

Transgenic sub lines

Cell line 61:21 was used as background to generate 35S:GUS,
35S:CYP78A7i, 35S:SERK1, and 35S:TT7i transgenic sub-
lines, and cell line 11:18 was used as background to generate
35S:GUS, 35S:EXPB1, and 35S:RIC3 transgenic sub-lines.
35S:GUS sub-lines were used as transformed controls (T-
controls) in both cell lines. Furthermore, untransformed cell
lines were included as U-controls.

Putative transformants, proliferating after about two
months on selection medium, were analyzed for the presence
of the transgene by PCR. Genomic DNAwas extracted from
proliferating embryogenic tissue by using the CTAB method
(Doyle and Doyle 1987) in combination with the Nucleo Spin
gel DNA and RNA purification kit (Machery-Nagel). Briefly,
frozen and pulverized tissue, 150 mg per sample, was extract-
ed with CTAB extraction buffer, supplemented with 20 mM
β-mercaptoethanol and 10 μg ml−1 RNase A, and washed
twice with 500 μl chloroform/isoamylalcohol (24:1). The up-
per phase was mixed with the same volume of binding buffer
and purified with the Nucleo Spin gel DNA and RNA purifi-
cation kit (Machery-Nagel) following the manufacturer’s in-
structions. One hundred nanograms of the isolated DNAwas
used as template to perform the PCR reaction, using one single
primer pair designed over the pMDC32 vector sequence
(Table S1). The corresponding transgene size, different de-
pending on the sub-line analyzed, was confirmed on 1% aga-
rose gels.

Quantitative RT-PCR analysis of the relative transcript lev-
el of each gene was performed with the PCR-confirmed sub-
lines. For each construct, eight different sub-lines were tested,
each in three biological replicates. For 35S:CYP78Ai,
35S:EXPB1, 35S:RIC3, and 35S:SERK1 sub-lines, the

34 Page 4 of 17 Tree Genetics & Genomes (2018) 14: 34



expression level of the transcripts was analyzed at stage 1.
Since the transcript accumulation of TT7was very low at stage
1, selection of 35S:TT7i sub-lines was based on the transcript
abundance at stage 4. The primers used for analyzing tran-
script abundance in overexpressing sub-lines have been pre-
sented before (Merino et al. 2016). The primers used to quan-
tify CYP78A and TT7 in 35S:CYP78Ai and 35S:TT7i sub-
lines are shown in Table S1. The primers used for analyzing
transcript abundance in the control lines (U-controls and T-
controls) are shown in Table S1. The sub-lines showing the
highest differences in transcript accumulation compared to U-
control and T-controls were selected for morphological anal-
ysis (Fig. S2). Significant differences in transcript accumula-
tion between different sub-lines were estimated by a t test
mean comparison analysis (P < 0.05) using the JMP software
(v11).

T-controls were selected by incubating approximately
100 mg tissue from stage 1 in GUS buffer containing 1 mM
5-bromo-4-chloro-3-indole β-D-glucuronic acid in the dark-
ness at 37 °C for up to 5 h (Uddenberg et al. 2016). Based
on high GUS activity, sub-lines 35S:GUS.1-1, 35S:GUS.1-2,
and 35S:GUS.1-3 derived from cell line 61:21, and sub lines
35S:GUS.1-4 and 35S:GUS.1-5 derived from cell line 11:18,
were selected.

Morphological analysis of somatic embryos
in transgenic sub-lines

To assess the effect of EXPB1, RIC3, and SERK1 overexpres-
sion, as well as of CYP78A7 and TT7 down-regulation, on
embryo morphology at the beginning of late embryogeny
(stage 3), samples from two to four biological replicates were
collected after two to three weeks on maturation medium from
35S:CYP78A7i, 35S:EXPB1, 35S:RIC3, 35S:SERK1, and
35S:TT7i sub-lines, as well as from T-controls. The samples
were examined under a light microscope (Zeiss Axioplan or
Leica DMI 4000). Based on the aberrant embryo morphol-
ogies observed in the transgenic sub-lines, all stage 3 embryos
were classified into four main categories: normal morphology,
degenerating embryos, embryos carrying supernumerary sus-
pensor cells, and embryogenic complexes. Significant differ-
ences in embryomorphology among lines were estimated by a
t test mean comparison analysis (P ≤ 0.05) using the JMP
software (v11).

Results

Zygotic and somatic embryo development in Scots
pine and Norway spruce

Zygotic embryo development in Scots pine starts with a single
zygotic-derived embryo (stage E1) that goes through a

cleavage process, giving rise to four equal-sized embryos
(stage E2), of which one becomes dominant (stage E3DO)
and develops into a cotyledonary embryo (Merino et al.
2016, summarized in Table S4). In Norway spruce, the single
zygotic-derived embryo directly starts to develop further,
without going through a cleavage process.

The developmental stages of Scots pine and Norway
spruce somatic embryogenesis have been described before in
Abrahamsson et al. (2012) and Larsson et al. (2008a), respec-
tively, and are schematically compared in Table S4.
Embryogenic cultures of both species proliferate as different
types of cell aggregates composed of small rounded cells with
dense cytoplasm in combination with elongated cells harbor-
ing large vacuoles. In Scots pine, the globular structures in
stage 1b aggregates successively develop into early somatic
embryos, which frequently develop lobes (Abrahamsson et al.
2012). In zygotic embryos of Scots pine, lobing is a conse-
quence of unequal growth rates between different domains in
the embryonal mass and can result in cleavage polyembryony
if the lobes develop their own independent embryonal tube
cells (Dogra 1967). In contrast, in Norway spruce, only a
low frequency of the early embryos, which differentiate from
large clusters of proembryogenic masses (PEM III), develop
lobes (Filonova et al. 2000; Larsson et al. 2008a). However, in
both species, the early somatic embryos are polarized with a
compact embryonal mass in the apical part and vacuolated
suspensor cells in the basal part.

Transcript abundance during development of somatic
embryos of Scots pine

To identify deviations during somatic embryo development in
recalcitrant cell lines, we have previously compared the devel-
opmental pattern of somatic embryos in Scots pine cell lines
giving rise to normal cotyledonary embryos to that of cell lines
giving rise to abnormal cotyledonary embryos (Abrahamsson
et al. 2012, 2017). No differences in the developmental pattern
were observed before stage 3 embryos had developed.
However, in stage 3 embryos, the ratios of the embryonal
mass to the suspensor are different and the embryos degener-
ate by different processes.

In order to get a better understanding of the molecular
differences regulating embryo development in normal and ab-
normal cell lines of Scots pine, we compared the expression
pattern of selected transcripts during development of somatic
embryos between cell line 12:12, giving rise to normal coty-
ledonary embryos, and cell line 3:10, giving rise to abnormal
cotyledonary embryos. The transcripts were selected based on
our previous transcriptome analysis of zygotic embryogenesis
in Scots pine (Merino et al. 2016, Table S5). The transcript
abundance of all selected genes, except for CELL DIVISION
CYCLE 48 (CDC48), differed significantly during the cleav-
age process or the development of a dominant embryo during
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zygotic embryogenesis. In addition to those transcripts, we
also included the ARABIDOPSIS NAC DOMAIN
CONTAINING PROTEIN 47 (NAC47) transcription factor,
which is associated with senescence in Arabidopsis (Kim
et al. 2014), and could potentially be involved in embryo
degeneration.

For most transcripts, the general expression pattern was
relatively similar in both cell lines (Fig. 1, Fig. S3).
Transcripts related to PLANTACYANIN (ARPN), CYP78A7,
DWARF IN LIGHT 1 (DFL1), and NAC009 showed the
highest accumulation at early developmental stages, while
transcripts related to FAMA and VIVIPAROUS 1 (VP1) were
more abundant from stage 2. A set of transcripts represented

by putative homologs to EXPB1, LIPID TRANSFER
PROTEIN 4 (LTP4), RIC3, TT7, and WUSCHEL-RELATED
HOMEOBOX 2 (WOX2) accumulated transiently at specific
stages during embryo development. No significant difference
in the accumulation level of transcripts related to CDC48 was
detected during embryo development. However, putative ho-
mologs of AINTEGUMENTA-like (AIL5), HAP3A (encoding
for a LEC1-type HAP3 subunit of the CCAAT-box binding
factor), NAC47, PROTODERMAL FACTOR 2 (PDF2),
SERK1, andWOX8/9were differentially expressed in the nor-
mal cell line (12:12) compared to the abnormal cell line (3:10).

An AIL5-related transcript accumulated at stage 1c in cell
line 12:12; thereafter, the transcript level decreased, while no
significant decrease in the accumulation of AIL5-related tran-
scripts was detected during embryo development in cell line
3:10 (Fig. 1). The highest accumulation of HAP3A-related
transcripts was detected at stage 1a in cell line 12:12 and at
stage 1b in cell line 3:10. However, in both cell lines, the
transcript level of HAP3A decreased from stage 1c (Fig. 1).
In accordance, we have previously shown that the level of
HAP3A-related transcripts decreased during the transition
from the morphogenic phase to the maturation phase in both
zygotic and somatic embryos of Scots pine (Uddenberg et al.
2011). The level of a transcript related to a putative homolog
to NAC47 increased from stage 3 in cell line 3:10, but it
showed a transient expression at stage 1c in cell line 12:12

Fig. 1 Quantitative real-time PCR analysis of the relative transcript level
of selected genes during somatic embryo development in Scots pine. The
transcript level of 18 selected genes was analyzed in six consecutive
stages (Table S4) during embryo development in cell line 12:12 (gray
bars), giving rise to normal embryos and cell line 3:10 (black bars),
giving rise to abnormal embryos. Relative expression levels, estimated
by the Livak method (2−ΔΔCt), are referred to the developmental stage
showing the lowest accumulation for each transcript. Expression values
are normalized against two reference genes (EF1 and PHOS). The
expression levels are means ± SD of three biological replicates,
analyzed with two technical replicates each, except for ARNP which is
based on two biological replicates. Different letters indicate significant
differences in the transcript level between different developmental stages
(Student’s t test, P ≤ 0.05). # indicates no detectable expression
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(Fig. 1). The abundance of a transcript related to PDF2 dif-
fered between cell lines 12:12 and 3:10 at the earliest devel-
opmental stages, but in both cell lines, there was a significant
decrease in the transcript level at stages 2 to 3. The accumu-
lation of a transcript was related to SERK1 increased from
stage 1a to stage 1b in the cell line 12:12 but decreased in cell
line 3:10 (Fig. 1). In cell line 12:12, but not in cell line 3:10, a
transient accumulation of a WOX8/9-related transcript was
detected at stage 1c (Fig. 1).

Transcript abundance during development of somatic
embryos of Norway spruce

To identify putative differences in the regulation of somatic
embryogenesis in species having different forms of polyem-
bryony, we compared the accumulation of the analyzed tran-
scripts in Scots pine with that at eight consecutive stages dur-
ing somatic embryo development in Norway spruce (Fig. 2,
Fig. S4). The expression profiles detected for transcripts relat-
ed to HAP3A, VP1, WOX8/9, and WOX2 in Norway spruce
confirmed what has been reported before (Uddenberg et al.
2011; Zhu et al. 2014, 2016). For several transcripts like
ARPN, DFL1, HAP3A, VP1, and WOX2, the general expres-
sion profile was similar during somatic embryogenesis in
Scots pine and Norway spruce (cf. Figs. 1 and 2, Figs. S3
and S4). A transient accumulation was observed at stage 4
for transcripts related to NAC009 and NAC47 in Norway
spruce, but not in Scots pine, except for a small increase at
stage 3 for a NAC47-related transcript in cell line 3:10.
Differences in the expression level during somatic embryo
development in Norway spruce and Scots pine were also de-
tected for transcripts related to AIL5, FAMA, LTP4, and
WOX8/9 (cf. Figs. 1 and 2). Interestingly, transcripts homolo-
gous to CYP78A7, EXPB1, RIC3, SERK1, and TT7, which
were all highly abundant at stage E1 in zygotic embryos and
were suggested to be involved in the cleavage process
(Merino et al. 2016, Table S5), were expressed differently
between somatic embryos of Norway spruce and those of
Scots pine. Because of a large variation among biological
replicates in the abundance of transcripts related to EXPB1,
RIC3, and SERK1, at the developmental stage having the
highest transcript accumulation, it was not possible to detect
significant differences in the accumulation of the transcripts
between the different developmental stages in Norway spruce.
Despite this limitation, it seems that transcripts related to
EXPB1, RIC3, and SERK1 were highly accumulated at stage
4 and stage 5 in somatic embryos of Norway spruce, while in
Scots pine, the highest accumulation of EXPB1 and RIC3 was
at stages 1b to 2 and for SERK1 at stages 1a and 1b.
Transcripts related to CYP78A7 and TT7 accumulated at
stages 3 and 4 in Norway spruce, while they were mainly
expressed before stage 2 in Scots pine.

Up- and down-regulation of selected transcripts
in transgenic sub-lines

To further understand the role of CYP78A7, EXPB1,
SERK1, RIC3, and TT7, we established transgenic lines
in which the genes were either over-expressed or down-
regulated. It has so far been difficult to transform embryo-
genic cultures of Scots pine (Abrahamsson, unpublished),
while embryogenic cultures of Norway spruce are routine-
ly transformed (Zhu et al. 2014; Uddenberg et al. 2016).
We therefore performed these studies in Norway spruce.
Based on the accumulation level of the different tran-
scripts during somatic embryo development in Norway
spruce, we chose to down-regulate CYP78A7 and TT7,
of which the transcript abundances varied significantly
at different developmental stages, and to up-regulate
EXPB1, RIC3, and SERK1, of which the transcript abun-
dances varied among biological replicates. Three sub-
lines containing 35S:CYP78A7i, 35S:EXPB1, 35S:RIC3,
or 35S:SERK1 and two sub lines containing 35S:TT7i as
well as four T-controls were selected for further studies
(Fig. S2).

Initially, the selected transgenic sub-lines were screened for
their ability to develop cotyledonary embryos, and samples
were collected after two and four weeks for analyzing the
morphology of the developing embryos. No altered phenotype
of cotyledonary embryos was detected in any of the transgenic
sub-lines. However, aberrant phenotypes of early and late em-
bryos were detected in all transgenic lines, including the T-
control. The aberrant phenotypes were most obvious at devel-
opmental stage 3, which corresponds to the developmental
stage when the dominant embryo develops in Scots pine
(Table S4). The stage 3 embryo morphologies were classified
into four different morphology groups: (N) Embryos with
normal morphology, characterized by a well-delineated and
rounded embryonal mass in the apical part and vacuolated
suspensor cells in the basal part (Fig. 3a). (D) Degenerating
embryos, characterized by a disintegrated embryonal mass
and differentiated vacuolated cells in the embryonal mass
(Fig. 3b). (SU) Embryos carrying supernumerary suspensor
cells, ranging from embryos with a cone-shaped embryonal
mass to embryos where the embryonal mass was almost
completely surrounded by suspensor cells (Fig. 3c). (EC)
Embryogenic complexes, characterized by embryos that de-
veloped lobes (Fig. 3d), differentiated meristematic cells from
the apical or basal part of the embryonal mass, or by several
fused embryos.

The frequency of stage 3 embryos with aberrant mor-
phologies varied among the transgenic lines. In the T-
control lines, 45% of the embryos had a normal morphol-
ogy, 8% were degenerating, 26% carried supernumerary
suspensor cells, and 21% had formed embryogenic com-
plexes (Fig. 3e). In most 35S:SERK1, 35S:CYP78A7i, and
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35STT7i sub-lines, the frequency of stage 3 embryos which
had formed embryogenic complexes was significantly
higher than in the T-control lines (Fig. 4a–d, Table S6a).
It has to be noted that the morphology of stage 3 embryos
that had formed embryogenic complexes varied in the dif-
ferent transgenic lines (discussed subsequently). In
35S:RIC3 sub-lines, there was a significant increase in
the frequency of embryos carrying supernumerary suspen-
sor cells, and in two out of three 35S:EXPB1 sub-lines, the
frequency of degenerating embryos was significantly
higher than that in the T-control lines (Fig. 4e–f,
Table S6b).

Characteristic for stage 3 embryos in the 35S:SERK1
sub-lines that had formed embryogenic complexes was
that meristematic cells proliferated from the apical part
of the embryonal mass (Fig. 5a,b) or that lobes developed
from the apical or the basal part of the embryonal mass
(Fig. 5c,d). After transfer to maturation medium, the fre-
quency of early, less developed somatic embryos was
higher in 35S:SERK1 sub-lines than that in the T-control
(Fig. S3a and b). This suggests that SERK1 stimulates
differentiation of early embryos. Since no differences in
the frequency and morphology of cotyledonary embryos
were observed between the control and the 35S:SERK1
sub-lines at later developmental stages, we assume that
the stage 3 embryos with normal morphology in
35S:SERK1 sub-lines (Fig. 4) developed normally.
Characteristic for the 35S:CYP78A7i sub-lines, within
the group of embryogenic complexes, was the presence
of stage 3 embryos with a disturbed apical–basal polarity
in which a distinct border between the embryonal mass
and the suspensor was missing (Fig. 5e). Furthermore, the
frequency of embryos carrying supernumerary suspensor
cells was significantly lower than that in the T-control
(Fig. 4c). Typically for stage 3 embryos in the 35S:TT7i
sub-lines, within the group of embryogenic complexes,
were embryos with a disturbed apical–basal polarity
(Fig. 5f) and embryos developing lobes from the basal
part of the embryonal mass (Fig. 5g).

The frequency of stage 3 embryos in the 35S:RIC3 sub-
lines that carried supernumerary suspensor cells (Fig. 5h) was
significantly higher than that in the T-control (Fig. 4e). In two

out of three 35S:EXPB1 sub-lines, the frequency of
degenerating stage 3 embryos (Fig. 5i) was significantly
higher than that in the T-control (Fig. 4f).

Discussion

Differentially expressed transcripts during embryo
development in a normal and an abnormal cell line
of Scots pine

Embryo development can be divided into two phases, the
early morphogenic phase when most cell divisions and differ-
entiation occur and the late maturation phase when the embryo
increases in size by cell expansion and storage compounds are
synthesized. We have previously shown that the level of
HAP3A-related transcripts decreases and the level of
VIVIPAROUS1 (VP1)-related transcripts increases during the
transition from the morphogenic phase to the maturation
phase in both zygotic and somatic embryos of Scots pine
(Uddenberg et al. 2011). Furthermore, when embryogenic cul-
tures of Norway spruce were treated with the HDAC inhibitor
trichostatin A (TSA) during maturation, the process was
arrested and the expression level of PaHAP3A remained high
while the expression of PaVP1 remained low. The develop-
ment of cotyledonary embryos was not affected when overex-
pressing PaHAP3A in somatic embryos of Norway spruce,
but overexpression stimulated differentiation of ectopic em-
bryos on cotyledonary somatic embryos (Uddenberg et al.
2016). In this study, we show that the expression level of a
HAP3A-related transcript decreased after stage 1b in both the
normal and the abnormal cell lines of Scots pine (Table S7).
However, the accumulation of a transcript related to AIL5,
which in Arabidopsis is important for maintaining the embry-
onic identity (Tsuwamoto et al. 2010), decreased after stage 1c
in the normal cell line 12:12, while no significant decrease in
the accumulation of AIL5-related transcripts was detected dur-
ing embryo development in the abnormal cell line 3:10 (Fig. 1,
Table S7). Furthermore, the level of an AIL5-related transcript
decreased in the dominant embryos at stage 3 during zygotic
embryo development in Scots pine. Assuming that AIL5 has a
similar function in Scots pine as in Arabidopsis, a lower ac-
cumulation of AIL5 during later developmental stages in cell
line 12:12 and in the dominant embryo during zygotic em-
bryogenesis might reflect the transition to the maturation
phase. In accordance, we have previously shown that the em-
bryogenic potential in cotyledonary embryos from cell line
12:12 is lost while it is maintained in cell line 3:10
(Abrahamsson et al. 2017). Together, these results indicate
that the transition from the morphogenic phase to the matura-
tion phase is disturbed in embryos from cell line 3:10.

A high proportion of the developing somatic embryos of
Scots pine degenerate (Abrahamsson et al. 2017). In the

Fig. 2 Quantitative real-time PCR analysis of the relative transcript
abundance of selected genes during somatic embryo development in
Norway spruce. The transcript level of 18 selected genes was analyzed
in eight consecutive stages during embryo development in cell line 61:21.
Relative expression levels, estimated by the Livak method (2−ΔΔCt), are
referred to the stage showing the lowest accumulation level for each
transcript, and are normalized against two reference genes (EF1 and
PHOS). The expression levels are means ± SD of three biological
replicates analyzed with two technical replicates each, except for PDF2
which is based on two biological replicates. Different letters indicate
significant differences in the transcript level between different
developmental stages (Student’s t test, P ≤ 0.05)

R
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normal cell line 12:12, the embryos degrade in a similar way
as the subordinate embryos in the seed, while the degeneration
of embryos in the abnormal cell line 3:10 results in a contin-
uous loop of embryo degeneration and differentiation of new
embryos. In Arabidopsis, ARNP is involved in PCD (Dong
et al. 2005), and the expression of NAC47 has been associated

with senescence (Kim et al. 2014). A transcript related to
ARNP accumulated at early developmental stages in both cell
lines 12:12 and 3:10 (Fig. 1, Table S7). This is in contrast to
zygotic embryogenesis in which an ARNP-related transcript
was transiently up-regulated at stage E3DO coinciding with
the degeneration of the suspensor. The level of a transcript

Fig. 3 Different morphologies of
stage 3 somatic embryos in
transgenic control lines of
Norway spruce. a Embryo with
normal morphology (N). Note the
well-delineated, rounded
embryonal mass in the apical part
and vacuolated suspensor cells at
the basal part. b Degenerating
embryo (D). Note the
disintegration of the embryonal
mass and the presence of
vacuolated cells in the embryonal
mass. c Embryo carrying
supernumerary suspensor cells
(SU). Note the increased ratio of
width to length of the embryonal
mass. d Embryogenic complex
(EC). Note the irregular shape of
the embryonal mass, where the
embryo depicted has developed
lobes denoted by arrows. e The
frequency of different embryo
morphologies in line 35S:GUS.1-
4 and line 35S:GUS.1-5.
Presented data show the mean
frequency (± SE) of embryos with
different morphologies. The data
are based on three biological
replicates for each line, which
includes close to 600 stage 3
embryos. em, embryonal mass; s,
suspensor; vc, vacuolated cells.
Bars, 100 μm
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Fig. 4 Frequency of different morphologies of stage 3 somatic embryos
in transgenic lines of Norway spruce. Sub-lines 35S:SERK1,
35S:CYP78A7i, and 35S:TT7i were derived from cell line 61:21 (a–d),
and sub-lines 35S:RIC3 and 35S:EXPB1 were derived from cell line
11:18 (e, f). The stage 3 embryos were classified as embryos with
normal morphology (N), degenerating embryos (D), embryos carrying
supernumerary suspensor cells (SU), and embryogenic complexes (EC),
as presented in Fig. 3. (a–f) The frequency of embryos with different
morphologies in T-control lines (black bars). a Embryos from sub-line
35S:SERK1.1-1 (light gray bars). b Embryos from sub-line
35S:SERK1.3-1 (light gray bars). The experiments with sub-line
35S:SERK1.1-1 shown in (a) and with sub-line 35S:SERK1.3-1 shown

in (b) were performed at different time-points. c Embryos from sub-lines
35S:CYP78A7i.1-3 (dark gray bars), 35S:CYP78A7i.2-1 (light gray
bars), and 35S:CYP78A7i.2-2 (white bars). d Embryos from sub-lines
35S:TT7i.1-1 (dark gray bars) and 35S:PaTT7i.1-2 (light gray bars). e
Embryos from sub-lines 35S:RIC3.1 (dark gray bars), 35S:RIC3.5 (light
gray bars), and 35S:RIC3.10 (white bars). f Embryos from sub-lines
35S:EXPB1.5 (dark gray bars), 35S:EXPB1.8 (light gray bars), and
35S:PsEXPB1.14 (white bars). Data presented show the mean (± SE)
frequency of stage 3 embryos with different morphologies in three to
four biological replicates (Tables S6a and S6b). Asterisks (*) indicate
significant differences, in embryo morphology, between the T-control
and the transgenic sub-line (P ≤ 0.05)
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related to a putative homolog to NAC47 increased from stage
3 in the abnormal cell line 3:10, but it showed a transient
expression at stage 1c in the normal cell line 12:12 (Fig. 1,

Table S7). It is tempting to assume that the accumulation of
transcripts related to ARNP during early somatic embryo de-
velopment directly or indirectly is associated with the

Fig. 5 Different morphologies of stage 3 somatic embryos in transgenic
lines of Norway spruce. Sub-lines 35S:SERK1, 35S:CYP78A7i, and
35S:TT7i were derived from cell line 61:21 (a–g), and sub-lines
35S:RIC3 and 35S:EXPB1 were derived from cell line 11:18 (h, i). a–d
Embryos from 35S:SERK1 sub-line. a Embryogenic complex. Note the
cluster of cells differentiating from the apical part of the embryonal mass
denoted by arrows. bA higher magnification of the embryo shown in (a),
where the outline of the cells has been manually marked. c Embryogenic
complex. Note the developing lobes from the embryonal mass, denoted
by arrows. d Embryogenic complex. Note the developing lobe from the
basal part of the embryonal mass, denoted by an arrow. e Embryogenic
complex from a 35S:CYP78A7i sub-line. Note that the embryo has a
disturbed apical–basal polarity, lacks a strict border between the

embryonal mass and the suspensor, and meristematic cells are present
in the suspensor region, denoted by an arrow. f–g Embryos from
35S:TT7i sub-line. f Embryogenic complex. Note that the embryo has a
disturbed apical–basal polarity, lacks a strict border between the
embryonal mass and the suspensor, and meristematic nodules have
developed in the suspensor region, denoted by an arrow. g
Embryogenic complex. Note the developing lobe from the basal part of
the embryonal mass, denoted by an arrow. h Embryo carrying
supernumerary suspensor cells from a 35S:RIC3 sub-line. Note the
increased ratio between the width and length of the embryonal mass. i
Degenerating embryo from a 35S:EXPB1 sub-line. Note the
disintegration of the embryonal mass. em, embryonal mass; s,
suspensor; vc, vacuolated cells. Bars, 100 μm
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degeneration process of somatic embryos. Furthermore, the
different accumulation patterns of the NAC47-related tran-
script might reflect the different degeneration patterns of em-
bryos in the two cell lines.

The orientation of the cell division plane determines the
position and the fate of the daughter cells (van den Berg
et al. 1995). During early somatic embryo development in
Norway spruce, PaWOX8/9 regulates the establishment of
the apical–basal embryo pattern by controlling the cell divi-
sion orientation and cell fate determination of the basal cells in
the embryonal mass (Zhu et al. 2014). In the normal cell line
12:12, but not in the abnormal cell line 3:10, a transient accu-
mulation of a transcript related to WOX8/9 was detected at
stage 1c (Fig. 1, Table S7). Two other transcripts, FAMA and
NAC009, which are both related to regulators of cell division
patterns in Arabidopsis (Ohashi-Ito and Bergmann 2006;
Willemsen et al. 2008), were expressed similarly in the two
cell lines (Fig. 1, Table S7). The abundance of a FAMA-related
transcript increased from stage 2, while a transcript related to
NAC009 was highly abundant at the earliest developmental
stages and then decreased. In contrast, both FAMA- and
NAC009-related transcripts increased significantly in stage 4
embryos during zygotic embryo development (Fig. 1,
Table S7). The differences in expression pattern of transcripts
related to WOX8/9 and NAC009 indicate that the establish-
ment of apical–basal patterning during early embryogenesis
is regulated differently in the two cell lines and also between
somatic and zygotic embryos.

Early during embryogenesis, the differentiation of a proto-
derm is important for further development of a viable embryo
(Dodeman et al. 1997). We have previously shown that the
expression of P. abies HOMEOBOX 1 (PaHB1, a homolog of
PDF2 in Arabidopsis) must be restricted to the outer cell layer
in early somatic embryos of Norway spruce to allow differen-
tiation of the protoderm (Ingouff et al. 2001). Although the
abundance of transcripts related toPDF2 differed between cell
lines 12:12 and 3:10 at the earliest developmental stages, there
was a significant decrease in the transcript level at stages 2 to 3
in both cell lines (Fig. 1). Since the early embryos in both cell
lines had differentiated a protoderm (Abrahamsson et al.
2017), it is reasonable to assume that the expression of
PDF2 is localized to the outer cell layer of early embryos in
both the normal and the abnormal cell lines. Furthermore, a
transcript homologous to WOX2, which is crucial for proto-
derm specification in early embryos of Norway spruce (Zhu
et al. 2016), was transiently up-regulated at stage 1c in both
cell lines (Fig. 1).

Functional analyses of candidate genes

The different expression patterns of transcripts related to
CYP78A7, EXPB1, RIC3, SERK1, and TT7, genes suggested
to be involved in the cleavage process (Merino et al. 2016),

between somatic embryogenesis in Norway spruce and in
Scots pine, indicate that embryogenic tissues of the two spe-
cies might proliferate in different ways. In order to test this
assumption, we over-expressed or down-regulated the corre-
sponding genes and analyzed how the changed expression
level affected the development of somatic embryos in
Norway spruce. We have mainly analyzed the phenotypes of
stage 3 embryos, since the changed phenotype in the trans-
genic lines was most obvious at that stage.

In Arabidopsis, SERK1 marks cells that are competent to
form embryos, and it also influences the competence of the
cells to differentiate into embryos (Hecht et al. 2001). Typical
for stage 3 embryos overexpressing SERK1 was that lobes
developed from the apical or the basal part of the embryonal
mass (Fig. 5c,d). A similar lobing process occurs in early
somatic embryos of Scots pine (Abrahamsson et al. 2017) in
which a SERK1-related transcript accumulated at the earliest
developmental stages (Fig. 1, Table S8). In several coniferous
species, the embryonal mass in early zygotic embryos can
differentiate lobes, which results in cleavage polyembryony
if each lobe develops independent embryonal tube cells
(Dogra 1967). During zygotic embryogenesis in Scots pine,
a SERK1-related transcript was abundant at stage 1 and there-
after the transcript level decreased. It was suggested that
SERK1 stimulates the initiation of the cleavage process by
stimulating the four apical cells in the proembryo to differen-
tiate into separate embryos and that down-regulation of
SERK1 is important for allowing the four embryos to develop
further. In addition to stimulating lobing of early somatic em-
bryos, overexpression of SERK1 also stimulated differentia-
tion of new embryos (Fig. S5), possibly by a process resem-
bling cleavage polyembryony. Thus, our results indicate that
overexpression of SERK1 changes the proliferation pattern of
embryogenic tissue in Norway spruce to become more similar
to the proliferation pattern in Scots pine.

Early embryogenesis is a critical developmental phase
when the apical–basal polarity is established through direc-
tional auxin transport giving rise to local auxin maxima and
gradients. The transport is flexible and needs to change direc-
tion at an early embryonal stage in order for the development
to proceed (Friml et al. 2003). In addition to the intracellular
transport, mainly mediated by auxin influx and efflux carriers
(Petrásek and Friml 2009), flavonols (plant-specific
polyphenolic compounds) have been proposed to act as en-
dogenous auxin transport regulators (Lewis et al. 2011). In
Arabidopsis, TT7 encodes a flavonoid 3′hydroxylase, a flavo-
nol biosynthetic enzyme that contributes to the synthesis of
quercetin, an endogenous negative regulator of auxin trans-
port (Jacobs and Rubery 1988). Typically for stage 3 embryos
in the 35S:TT7i sub-lines were embryos with a disturbed api-
cal–basal polarity (Fig. 5f) and embryos developing lobes
from the basal part of the embryonal mass (Fig. 5g). These
phenotypes are frequently observed in somatic embryos of
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Scots pine (Abrahamsson et al. 2017) and might correlate to
the flavonol-mediated-disturbed PATcaused by the expression
of a transcript related to TT7 at early stages of somatic em-
bryogenesis in Scots pine (Fig. 1, Table S8). Since a TT7-
related transcript also accumulates in zygotic embryos at stage
1, it is tempting to assume that PAT is involved in the cleavage
process, but more research is required for understanding how
auxin regulates the cleavage process.

The basal cells in the embryonal mass of early somatic
embryos of Norway spruce divide asymmetrically and give
rise to both apical meristematic daughter cells in the embryo-
nal mass and basal vacuolated suspensor cells (Zhu et al.
2016). Down-regulation of CYP78A7 resulted in embryos,
which lacked a distinct border between the embryonal mass
and the suspensor, carried fewer suspensor cells, and meriste-
matic cells were present in the suspensor region (Fig. 5e). This
suggests that CYP78A7 directly or indirectly is important for
controlling the division of the cells in the basal part of the
embryonal mass and for the specification of the daughter cells.
CYP78A7-related transcripts accumulated specifically at
stages 1 and 2 during zygotic embryogenesis in Scots pine,
when four new polarized embryos are formed after a cleavage
process, and at stages 1a and 1b in the normal cell line 12:12,
when the globular structures successively will differentiate
into early embryos (Fig. 1, Table S8). Interestingly,
CYP78A7 is, redundantly with its close homolog CYP78A5,
regulating shoot apical meristem size in Arabidopsis (Wang
et al. 2008). Thus, together, our results suggest that CYP78A7
is important for cell fate determination during differentiation
of early embryos.

Stage 3 embryos overexpressing RIC3 carried supernumer-
ary suspensor cells (Fig. 5h). In Arabidopsis, RIC3 promotes
actin disassembly, which is required for exocytosis (Lee et al.
2008). De-polymerization of actin, by treating embryogenic
cultures of Norway spruce with actin de-polymerization
drugs, disrupted correct embryo pattern formation through
the inhibition of suspensor differentiation (Smertenko et al.
2003). Therefore, overexpression of RIC3 affects embryogen-
esis in a different way than treatment with actin de-
polymerization drugs. During somatic and zygotic embryo
development in Scots pine, a RIC3-related transcript accumu-
lated during stages 1 and 2, concomitantly with the differen-
tiation of suspensor cells, and thereafter decreased (Fig. 1,
Table S8). Together, our results indicate that RIC3 directly
or indirectly is involved in the differentiation of suspensor
cells.

Expansins are involved in loosening cell walls at cell
expansion as well as during several morphogenic and de-
structive processes (Sharova 2007). During zygotic em-
bryogenesis, in Scots pine, an EXPB1-related transcript
accumulated at stage 1 and thereafter decreased (Merino
et al. 2016). It was suggested that EXPB1 is involved in
loosening the cell walls to allow separation of the four

early embryos during the cleavage process. During somat-
ic embryogenesis, in Scots pine, the transcript level of an
EXPB1-related transcript decreased at stages 2 to 3 (Fig.
1, Table S8). In Scots pine, a high frequency of the early
somatic embryos degenerate (Abrahamsson et al. 2017).
Although the degeneration pattern differs between cell
lines 3:10 and 12:12, in both cell lines, vacuolated cells
differentiate in the embryonal mass, in a similar way as in
somatic embryos of Norway spruce overexpressing
EXPB1 (Fig. 5i), which indicates that EXPB1 is involved
in the degeneration of early somatic embryos.

Conclusions

Together, our results point out some important differences in
transcript expression profiles during development of normal
and abnormal somatic embryos. The differentially expressed
transcripts were related to the following: (a) the transition
from the morphogenic phase to the maturation phase; (b) em-
bryo degeneration; and (c) apical–basal polarization. The
comparison between somatic and zygotic embryos suggested
differences in the cell division pattern and highlighted our
previous findings of continuous degeneration processes taking
place in early somatic embryos of Scots pine.

The general expression profile for several transcripts was
similar during somatic embryo development in Scots pine and
Norway spruce. However, transcripts homologous to
CYP78A7, EXPB1, RIC3, SERK1, and TT7, which have been
suggested to be involved in the cleavage process during zy-
gotic embryogenesis, were expressed differently during so-
matic embryo development in Scots pine and Norway spruce.
Down-regulation ofCYP78A7 or TT7 resulted in early embry-
os with disturbed apical–basal polarization. Up-regulation of
EXPB1 caused degeneration of the embryonal mass, while up-
regulation of RIC3 stimulated differentiation of supernumer-
ary suspensor cells. Up-regulation of SERK1 stimulated
lobing of the embryonal mass. This feature can be a first step
in the cleavage process and is common in early and late so-
matic embryos of Scots pine, but not in Norway spruce.
Therefore, by increasing the expression of SERK1, it was pos-
sible to stimulate initiation of a cleavage-like process in so-
matic embryos of Norway spruce, a species normally having
simple polyembryony.

Taken together, we here contribute to a better understand-
ing of the molecular regulation of somatic embryo develop-
ment in normal and abnormal cell lines of Scots pine, which
can help to identify processes that are disturbed in abnormal
cell lines. Based on this knowledge, processes that are dis-
turbed in abnormal cell lines can be identified and new ap-
proaches can be taken to improve the culture conditions in
order to propagate Pinus species via somatic embryos.

Tree Genetics & Genomes (2018) 14: 34 Page 15 of 17 34



Acknowledgements The GUS:pMDC32 vector, used to generate the T-
control lines, was kindly provided by Alyona Minina. The sub-line
35S:GUS.1-2, derived from cell line 61:21, was also provided by
Alyona Minina (unpublished). The 35S:GUS.1-4 and 35S:GUS.1-5
sub-lines, derived from cell line 11:18, were kindly provided by Daniel
Uddenberg (unpublished). We would like to thank Hanneke Marjolijn for
helping with qRT-PCR experiments and David Clapham for critical read-
ing of the manuscript.

Data Archiving Statement Transcripts and data from Scots pine zygotic
transcriptome mentioned in this study have been already published be-
fore, and they are available in the ArrayExpress database of the European
Bioinformatics Institute (www.ebi.ac.uk/arrayexpress) under the
accession number E-MTAB-5193 (Merino et al. 2016). The list of acces-
sion number of Norway spruce genes and of Scots pine transcripts select-
ed for this study has been included in Table S1 and Table S5, respectively.

Funding information This work was supported by a grant from the
Swedish University of Agricultural Sciences.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Abrahamsson M, Valladares S, Larsson E, Clapham D, von Arnold S
(2012) Patterning during somatic embryogenesis in Scots pine in
relation to polar auxin transport and programmed cell death. Plant
Cell Tissue Organ Cult 109:391–400

AbrahamssonM, Valladares S, Merino I, Larsson E, von Arnold S (2017)
Degeneration patterning in somatic embryos of Pinus sylvestris L.
In Vitro Cell Dev Biol 53:86–96

Burg K, Helmersson A, Bozhkov P, von Arnold S (2007) Developmental
and genetic variation in nuclear microsatellite instability during pine
embryogenesis. J Exp Bot 58:687–698

Buchholtz JT (1926) Origin of cleavage polyembryony in conifers. Bot
Gaz 8(1):55–71

Cairney J, Pullman GS (2007) The cellular and molecular biology of
conifer embryogenesis. New Phytol 176(3):511–536

Canales J, Rueda-López M, Craven-Bartle B, Avila C, Cánovas FM
(2012) Novel insights into regulation of asparagine synthetase in
conifers. Front Plant Sci 3:100. https://doi.org/10.3389/fpls.2012.
00100

CurtisMD, Grossniklaus U (2003) A gateway cloning vector set for high-
throughput functional analysis of genes in planta. Plant Physiol 133:
462–469

DodemanVL,DucreuxG, KreisM (1997) Zygotic embryogenesis versus
somatic embryogenesis. J Exp Bot 48(313):1493–1509

Dong J, Kim ST, Lord EM (2005) Plantacyanin plays role in reproduction
in Arabidopsis. Plant Physiol 138(2):778–789

Dogra PD (1967) Seed sterility and disturbances in embryogeny in coni-
fers with particular reference to seed testing and tree breeding in
Pinaceae. Studia Forestalia Suecica Nr 45. Royal College of
Forestry, Stockholm

Doyle JJ, Doyle JL (1987) A rapid DNA isolation procedure for small
quantities of fresh leaf tissue. Phytochem Bull 19:11–1596

Filonova L, Bozhkov P, Brukhin V, Daniel G, Zhivotovsky B, von Arnold
S (2000) Developmental programmed cell death in plant

embryogenesis: exploring a model system of Norway spruce somat-
ic embryogenesis. J Cell Sci 113(24):4399–4411

Filonova LH, von Arnold S, Daniel G, Bozhkov PV (2002) Programmed
cell death eliminates all but one embryo in a polyembryonic plant
seed. Cell Death Differ 9(10):1057–1062

Find JI (2016) Towards industrial production of tree varieties through
somatic embryogenesis and other vegetative propagation technolo-
gies: Nordmanns fir (Abies nordmanniana)—from research labora-
tory to production. In: Park Y-S, Bonga JM, Moon H-K (eds)
Vegetative propagation of forest trees. National Institute of Forest
Science, Republic of Korea. ISBN 978-89-8176-064-9, pp 528–537

Friml J, Vieten A, SauerM,Weijers D, Schwartz H, Hartmann T, Offringa
R, Jurgens G (2003) Efflux-dependent auxin gradients establish the
apical-basal axis of Arabidopsis. Nature 426:147–153

Hecht V, Vielle-Cazada J-P, Hartog MV, Schmidt EDL, Boutilier K,
Grossniklaus U, de Vries SC (2001) The Arabidopsis SOMATIC
EMBRYOGENESIS RECEPTOR KINASE 1 gene is expressed in
developing ovules and embryos and enhances embryogenic compe-
tence in culture. Plant Physiol 127:803–816

Höfgen R, Willmitzer L (1998) Storage of competent cells for
Agrobacterium transformation. Nucleic Acids Res 16(20):9877

Högberg K-A, Ekberg I, Norell L, von Arnold S (1998) Integration of
somatic embryogenesis in a tree breeding programme—a case study
with Picea abies. Can J For Res 28(10):1536–1545

Holsters M, deWaele D, Depicker A,Messens E, vanMontaguM, Schell
J (1978) Transfection and transformation of Agrobacterium
tumefaciens. Mol Gen Genet 163(2):181–187

Ingouff M, Farbos I, Lagercrantz U, von Arnold S (2001) PaHB1 is an
evolutionary conserved HD-GL2 homeobox gene defining the pro-
toderm during Norway spruce embryo development. Genesis 30:
220–230

Kim HJ, Hong SH, Kim YW, Lee IH, Jun JH, Phee B-K, Rupak T, Jeong
H, Lee Y, Hong SH, Nam HG, Woo HR, Lim PO (2014) Gene
regulatory cascade of senescence-associated transcription factors ac-
tivated by ETHYLENE-INSENSITIVE2-mediated leaf senescence
signalling in Arabidopsis. J Exp Bot 65(14):4023–4036

Jacobs M, Rubery PH (1988) Naturally occurring auxin transport regula-
tors. Science 241(4863):346–349

Klimazewska K, Trontin JF, Becwar MR, Devillard C, Park YS, Lelu-
Walter MA (2007) Recent progress in somatic embryogenesis of
four Pinus spp. Tree For Sci Biotechnol 1:11–25

Larsson E, Sitborn F, Ljung K, von Arnold S (2008a) Inhibited polar
auxin transport results in aberrant embryo development in Norway
spruce. New Phytol 177:356–366

Larsson E, Sitbon F, von Arnold S (2008b) Polar auxin transport controls
suspensor fate. Plant Signal Behav 3:469–470

Larsson E, Sitbon F, von Arnold S (2012a) Differential regulation of
Knotted1-like genes during establishment of the shoot apical meri-
stem in Norway spruce (Picea abies). Plant Cell Rep 31:1053–1060

Larsson E, Sundström J, Sitbon F, von Arnold S (2012b) Expression of
PaNAC01, a Picea abies CUP-SHAPED COTYLEDON
orthologue, is regulated by polar auxin transport and associated with
differentiation of the shoot apical meristem and formation of sepa-
rated cotyledons. Ann Bot 110:923–934

Lee YJ, Szumlanski A, Noelsen E, Yang Z (2008) Rho-GTPase-
dependent filamentous actin dynamics coordinate vesicle targeting
and exocytosis during tip growth. J Cell Biol 181(7):1155–1168

Lelu-Walter M-A, Thompson D, Harvengt L, Sanchez L, Toribio M,
Paques LE (2013) Somatic embryogenesis in forestry with a focus
on Europe: state-of-the-art, benefits, challenges and future direction.
Tree Genet Genomes 9:883–899

Lelu-Walter M-A, Teyssier C, Guérin V, Pâques M (2016) Vegetative
propagation of larch species: somatic embryogenesis improvement
towards its integration in breeding programs. In: Park Y-S, Bonga
JM, Moon H-K (eds) Vegetative propagation of forest trees.

34 Page 16 of 17 Tree Genetics & Genomes (2018) 14: 34

http://www.ebi.ac.uk/arrayexpress
https://doi.org/10.3389/fpls.2012.00100
https://doi.org/10.3389/fpls.2012.00100


National Institute of Forest Science, Republic of Korea. ISBN 978-
89-8176-064-9, pp 551–571

Lewis DR, Ramirez MV, Miller ND, Vallabhaneni P, Ray WK, Helm RF,
Winkel BSJ, Muday GK (2011) Auxin and ethylene induce flavonol
accumulation through distinct transcriptional networks. Plant
Physiol 156(1):144–164

Merino I, Abrahamsson M, Sterck L, Craven-Bartle B, Canovas F, von
Arnold S (2016) Transcript profiling for early stages during embryo
development in Scots pine. BMC Plant Biol 16:255. https://doi.org/
10.1186/s12870-016-0939-5

Noceda C, Salaj T, Pérez M, Viejo M, Cañal MJ, Salaj J, Rodriguez R
(2009) DNA demethylation and decrease on free polyamines is as-
sociated with the embryogenic capacity of Pinus nigra Arn. cell
culture. Trees 23:1285–1293. https://doi.org/10.1007/s00468-009-
0370-8

Ohashi-Ito K, Bergmann DC (2006) Arabidopsis FAMA controls the
final proliferation/differentiation switch during stomatal develop-
ment. Plant Cell 18(10):2493–2505

Petrásek J, Friml J (2009) Auxin transport routes in plant development.
Development 136(16):2675–2688

Rutledge RG, Stewart D, Caron S, Overton C, Bcyle B, MacKay J,
Klimazewska K (2013) Potential link between biotic defense acti-
vation and recalcitrance to induction of somatic embryogenesis in
shoot primordia from adult trees of white spruce (Picea glauca).
BMC Plant Biol 13:116. https://doi.org/10.1186/1471-2229-13-116

Sharova EI (2007) Expansins: proteins involved in cell wall softening
during plant growth and morphogenesis. Russian J Plant Physiol
54(6):713–727

Smertenko AP, Bozhkov PV, Filonova LH, von Arnold S, Hussey PJ
(2003) Reorganization of the cytoskeleton during developmental
programmed cell death in Picea abies embryos. Plant J 33:813–824

Smith SA, Beaulieu JM, Donoghue MJ (2010) An uncorrelated relaxed-
clock analysis suggests an earlier origin for flowering plants. PNAS
107(13):5897–5902

Tsuwamoto R, Yokoi S, Takahata Y (2010) Arabidopsis
EMBRYOMAKER encoding an AP2 domain transcription factor
plays a key role in developmental change from vegetative to embry-
onic phase. Plant Mol Biol 73(4–5):481–492. https://doi.org/10.
1007/s11103-010-9634-3

Uddenberg D, Valladares S, Abrahamsson M, Sundström J, Sundås-
Larsson, von Arnold S (2011) Embryogenic potential and expres-
sion of embryogenesis-related genes in conifers are affected by treat-
ment with a histone deacetylase inhibitor. Planta 234:527–539

Uddenberg D, Abrahamsson M, von Arnold S (2016) Overexpression of
PaHAP3A stimulates differentiation of ectopic embryos on matur-
ing somatic embryos of Norway spruce. TreeGenet Genomes 12:18.
https://doi.org/10.1007/s11295-016-0974-2

van den Berg C, Willelmsen V, Hage W, Weisbeek P, Scheres B (1995)
Cell fate in the Arabidopsis root-meristem determined by directional
signalling. Nature 378:62–65

Wang J-W, Schwab R, Czech B, Mica E,Weigel D (2008) Dual effects of
miR156-targeted SPL genes and CYP78A5/KLUH on plastochron
length and organ size in Arabidopsis thaliana. Plant Cell 20:1231–
1243

Vega-Bartol JJ, Simoes M, Lorenz WW, Rodrigues AS, Alba R, Dean
JFD, Miguel CM (2013) Transcriptomic analysis highlights epige-
netic and transcriptional regulation during zygotic embryo develop-
ment of Pinus pinaster. BMC Plant Biol 13:123. https://doi.org/10.
1186/1471-2229-13-123

Vestman D, Larsson E, Uddenberg D, Cairney J, Clapham D, von Arnold
S (2011) Important processes during differentiation and early devel-
opment of somatic embryos of Norway spruce as revealed by chang-
es in global gene expression. Tree Genet Genomes 7:347–362

Willemsen V, Bauch M, Bennett T, Campilho A, Wolkenfelt H, Xu J,
Haseloff J, Scheres B (2008) The NAC domain transcription factors
FEZ and SOMBRERO control the orientation of cell division plane
in Arabidopsis root stem cells. Dev Cell 15(6):913–922

von Arnold S, Clapham D (2008) Spruce embryogenesis. In: Suárez MF,
Bozhkov PV (eds) Plant embryogenesis, methods in molecular bi-
ology, vol 427. Humana Press, Totowa, pp 31–47

Zhu T, Moschou PN, Alvarez JM, Sohlberg J, von Arnold S (2014)
WUSCHEL-RELATED HOMEOBOX 8/9 is important for proper
embryo patterning in the gymnosperm Norway spruce. J Exp Bot
65:6543–6552

Zhu T, Moschou PN, Alvarez JM, Sohlberg J, von Arnold S (2016)
WUSCHEL-RELATED HOMEOBOX 2 is important for proto-
derm and suspensor development in the gymnosperm Norway
spruce. BMC Plant Biol 16:19. https://doi.org/10.1186/s12870-
016-0706-7

Tree Genetics & Genomes (2018) 14: 34 Page 17 of 17 34

https://doi.org/10.1186/s12870-016-0939-5
https://doi.org/10.1186/s12870-016-0939-5
https://doi.org/10.1007/s00468-009-0370-8
https://doi.org/10.1007/s00468-009-0370-8
https://doi.org/10.1186/1471-2229-13-116
https://doi.org/10.1007/s11103-010-9634-3
https://doi.org/10.1007/s11103-010-9634-3
https://doi.org/10.1007/s11295-016-0974-2
https://doi.org/10.1186/1471-2229-13-123
https://doi.org/10.1186/1471-2229-13-123
https://doi.org/10.1186/s12870-016-0706-7
https://doi.org/10.1186/s12870-016-0706-7

	Identification...
	Abstract
	Introduction
	Material and methods
	Plant material
	Sample collection for expression analyses
	RNA extraction and cDNA synthesis
	Quantitative real-time PCR
	Vector construction and transformation
	Transgenic sub lines
	Morphological analysis of somatic embryos in transgenic sub-lines

	Results
	Zygotic and somatic embryo development in Scots pine and Norway spruce
	Transcript abundance during development of somatic embryos of Scots pine
	Transcript abundance during development of somatic embryos of Norway spruce
	Up- and down-regulation of selected transcripts in transgenic sub-lines

	Discussion
	Differentially expressed transcripts during embryo development in a normal and an abnormal cell line of Scots pine
	Functional analyses of candidate genes

	Conclusions
	References


