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Transcriptome, metabolome and histological profiling were performed on normal and aberrant somatic embryo germinants of
Norway spruce (Picea abies L. Karst) providing a simplistic systems biology description of conifer germination. Aberrant germi-
nants (AGs) formed periderm-like tissue at the apical pole and lacked shoot growth above the cotyledons. Transcriptome profiling
(RNA-Sequencing) revealed a total of 370 differentially expressed genes at ≥1 or ≤−1 log2-fold change, where 92% were down-
regulated in AGs compared with normal germinants (NGs). Genes associated with shoot apical meristem formation were down-
regulated in AGs, or not differentially expressed between AGs and NGs. Genes involved in hormone signaling and transport were
also down-regulated. Metabolite profiling by gas chromatography–mass spectrometry (MS) and liquid chromatography–MS
revealed biochemical difference between AGs and NGs, notably increased levels of sugars including glucose in AGs. Genes involved
in glucose signaling were down-regulated and genes involved in starch biosynthesis were up-regulated, suggesting involvement
of sugar signaling during late embryo development and germination. The overall results provide new data enabling further studies
to confirm potential markers for a normal germination process in conifers.
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Introduction

Norway spruce (Picea abies (L.) Karst) accounts for 42% of the
total volume of productive forest land in Sweden (Swedish
Statistical Yearbook of Forestry 2014). The conventional method
of Norway spruce propagation is by seeds and cuttings. However,
propagation through cuttings is hindered by rooting problems
while the influx of foreign pollen in conventional seed orchards
results in reduced gains from the breeding program among other
problems (Högberg et al. 1998, Svobodová et al. 1999). In recent
years, somatic embryogenesis (SE) has provided a method for clo-
nal propagation of tree species that are difficult to propagate via
cuttings (Robinson et al. 2009). Major advantages with SE are
high efficiency in terms of multiplication of valuable genotypes and
possibility for long-term storage through cryopreservation (Vágner
et al. 1999). ‘Family forestry’ (Lindgren 2010), where stands are

planted with 10–15 different clones from 5 to 6 families tested in
the breeding program, removes dangers associated with clonal
uniformity. Nevertheless, currently the costs of production of tree
seedlings obtained via SE are still high (Thompson 2014) and the
reduction of costs of SE plant production is one of the most import-
ant challenges for scale-up of SE. Better understanding of regula-
tion developmental processes taking place during regeneration of
plant via SE is a basis for the improvement of existing protocols.

Somatic embryogenesis in Norway spruce involves sequential
in vitro steps culminating in plant regeneration. Embryogenic cul-
tures consisting of proembryogenic masses (PEMs) are initiated
from zygotic embryos and multiplied on medium containing auxin
and cytokinin. Withdrawal of these plant growth regulators prompts
differentiation of somatic embryos from PEMs. Subsequently, the
embryos are transferred to medium supplemented with abscisic
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acid (ABA) to induce somatic embryo maturation after which the
somatic embryos are dried at high humidity and germinated into
plantlets (Filonova et al. 2000). Presently, one of the major limita-
tions in using SE for large-scale propagation of conifers is ineffi-
cient germination and conversion of somatic embryos into plantlets
and subsequent establishment of plants in soil (Lelu-Walter et al.
2013). The successful conversion of embryos into somatic seed-
lings is accompanied by development of a functional root and
shoot system (Hay and Charest 1999).
Studies conducted on white spruce (Picea glauca) have

revealed that quality of somatic embryos correlates with organ-
ization of the shoot apical meristem (Belmonte et al. 2005).
Most of the knowledge concerning regulation of developmental
processes taking place during plant regeneration from somatic
embryos is based on studies of the angiosperm model plant,
Arabidopsis (e.g., Lutz et al. 2015). The majority of studies on
conifer SE have focused on identifying regulatory mechanisms
during PEM proliferation and somatic embryo maturation
(Merino et al. 2016), while there remains a paucity of informa-
tion concerning the regulation of somatic embryo germination.
The combination of metabolome and transcriptome profiling
provides a systems biology approach to provide valuable
insights into biological systems (Hyun et al. 2014). Gas chroma-
tography–mass spectrometry (GC/MS)-based metabolomic pro-
filing has been successfully applied to identify the metabolic
processes regulating SE in Norway spruce (Businge et al. 2012)
and loblolly pine (Pinus taeda) (Robinson et al. 2009). DNA
microarrays have been used to demonstrate the global changes
in gene expression during differentiation and early develop-
ment of Norway spruce somatic embryos (Vestman et al.
2011) and to study the patterns of gene expression during
maturation of Norway spruce somatic embryos (Stasolla et al.
2004). Current gene expression analysis techniques by RNA
Sequencing (RNA-Seq) accurately quantifies genes of both high
and low levels of expression, with greater reproducibility and fas-
ter sequencing times than with microarrays (Nagalakshmi et al.
2008, Wang et al. 2009).
In the present study, transcriptome, metabolome and histo-

logical profiling were used to gain insight into germination-
associated regulatory pathways in normal and aberrant somatic
embryo germinants of Norway spruce providing a simplistic sys-
tems biology overview of molecular and biochemical events asso-
ciated with germination of somatic embryos. The results suggest
important roles for sugar signaling during germination and early
plant development process in conifers. To our knowledge, this is
the first systems biology approach combining results from tran-
scriptomic analyses by RNA-Seq, metabolite analyses by GC/MS
and liquid chromatography–MS (LC/MS) with histological informa-
tion to characterize a developmental process in conifers. The
results provide evidence for potential markers for a normal germin-
ation process in conifers.

Materials and methods

Plant material

The SE cell-line 11:12:02 was initiated from seeds provided by
the Forest Research Institute of Sweden in 2011. Cultures were
proliferated and embryos matured by standard methods and cul-
ture media (von Arnold and Clapham 2008), modified for prolifer-
ation and maturation in temporary immersion bioreactors (BSI
Inc., Atlanta, GA, USA). Briefly, proliferation was stimulated using
liquid half-strength LP medium supplemented with auxin (2,4-D;
2.21 mg l−1), N6-benzyladenine (BA; 1 mg l−1) and sucrose
(10 g l−1). After 4–6 weeks cultures were transferred to liquid
prematuration medium devoid of 2,4-D and BA for 1 week, then
to liquid maturation medium supplemented with ABA (16mg l−1)
and sucrose (30 g l−1) for 6 weeks. Cultures were kept in dark-
ness at 20 °C. Mature embryos, selected as normal based on
their morphology (Larsson et al. 2012), were dried for 3 weeks
under high humidity in darkness and subsequently germinated in
15 cm Petri dishes on solid medium containing minerals and vita-
mins (see Table S1 available as Supplementary Data at Tree
Physiology Online) supplemented with sucrose (30 g l−1) and
casein hydrolysate (0.5 g l−1), solidified with 3.5% Gelrite. The pH
was adjusted to 5.8 ± 0.1 prior to autoclaving. Germinants were
grown for 3 weeks in continuous red light (wavelength: 660 nm;
TL-D 18W/15, Philips, Stockholm, Sweden) at 5 μmol m−2 s−1

at 20 °C, then moved under continuous white fluorescent
tubes (Fluora L 18W/77, Osram, Johanneshov, Sweden) at
100–150 μmolm−2 s−1 at 20 °C (Kvaalen and Appelgren 1999).
Six-week-old germinants were categorized as normal or aberrant
based on morphological characteristics. The normal germinants
(NGs) exhibited a normal shoot developing above the cotyledons
while the aberrant germinants (AGs) lacked a normal shoot above
the cotyledons. Variations in root and hypocotyl morphologies in
NGs and AGs, respectively, were comparable (see Figure S1 avail-
able as Supplementary Data at Tree Physiology Online) such that
the shoot morphology was used as the only distinguishing morpho-
logical criteria between the two types of germinants. Ten samples of
both types (NG and AG) composed of 10 germinants each were
examined under a Zeiss stereomicroscope (Semi 2000-C; Zeiss,
München, Germany) equipped with white light source and Canon
color camera (PowerShot G9; Canon, Tokyo, Japan), and subse-
quently prepared for histological analysis. The samples were trans-
ferred to plastic vials, flash-frozen in liquid nitrogen and stored at
−150 °C until further processing. Prior to transcriptome and
metabolome analysis, the NG and AG samples were ground into
a fine powder using liquid nitrogen in a sterile pestle and mortar.
Approximately 20–30mg of the resulting powder were trans-
ferred to 1.5ml Eppendorf tubes and used for metabolite profil-
ing while the remaining powdered sample was used for
transcriptome analysis. Additionally, 8-week-old germinants of
AG type were evaluated under a Zeiss stereomicroscope (Semi
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2000-C; Zeiss) equipped with white light source and Canon col-
or camera (PowerShot G9; Canon).

Macroscopic observations

Eighty 6-week-old germinants of each type (NG and AG) were
planted in peat moss and grown in standard conditions (20 °C;
24 h light; light intensity 100 μmol m−2 s−1 provided by Osram
Fluora fluorescent tubes). Percentage survival was estimated at
10 and 20 weeks after planting. The length of shoot above coty-
ledons was measured 10 weeks after planting as length from
the first true needles to the apical meristem.

Histological analysis

Hypocotyl with (NG) or without (AG) shoot above the cotyledons
were excised from the germinants and fixed overnight at room
temperature in 2.5% glutaraldehyde (Sigma-Aldrich, St Louis,
MO, USA) buffered at pH 7.2 with 0.2 M phosphate buffer. Sub-
sequently, the samples were washed three times in phosphate
buffer, dehydrated gradually in an ethanol series and embedded
in Steedman’s wax (Sigma-Aldrich) according to the procedure
described by Dobrowolska et al. (2015). Longitudinal sections
(6 μm thick) were cut with a Zeiss rotary microtome (HM 350;
Zeiss) and collected on microscopic slides coated with Haupt’s
adhesive. For general histological examination the sections were
stained with 0.05% toluidine blue O (Sigma-Aldrich) as in Sakai
(1973) and subsequently counterstained with Lugol solution
(Sigma-Aldrich) to visualize starch grains (Kutík and Beneš
1977). Additionally, sections were stained with Nile red (Sigma-
Aldrich) as in Dobrowolska et al. (2015) to detect lipid substances
on the surface of germinant. Sections stained with toluidine blue O
and Lugol solution were analyzed using a Zeiss light microscope
(Axioplan 2; Zeiss) equipped with a color camera (Zeiss). Sections
both before (to check autofluorescence) and after staining with Nile
red were examined using an epifluorescence microscope (Axioplan
2; Zeiss) in blue light (excitation filter 450–490 nm, barrier filter
520 nm).

Transcriptome analysis

Total RNA was extracted from the ground samples with an
RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the man-
ufacturer’s guidelines and the method described by Chang et al.
(1993). The quantity and quality of total RNA were assessed
using a NanoDrop 2000C Spectrophotometer (Thermo Scientific,
Waltham, MA, USA) and Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA, USA), respectively. RNA
libraries for sequencing were prepared using TruSeq Stranded
mRNA sample prep kit with 96 dual indexes (Illumina, San Diego,
CA, USA) according to the manufacturer’s instructions with the
following changes. RNA was fragmented 5min and the protocols
were automated using an Agilent NGS workstation (Agilent
Technologies) with purification steps described by Lundin et al.
(2010) and Borgström et al. (2011). Clustering was done by

‘cBot’ and samples were sequenced on a HiSeq2500 (HiSeq
Control Software 2.2.58/RTA 1.18.64) with a 2 × 126 setup
using ‘HiSeq SBS Kit v4’ chemistry. The Bcl to FastQ conver-
sion was performed using bcl2fastq-1.8.4 from the CASAVA
software suite and the quality scale was Sanger/phred33/
Illumina 1.8+. Sample AG6 failed sequencing and was not
included in the subsequent analysis. The data obtained were
deposited in ENA under the accession number ERA563869.

Pre-processing of RNA-Seq data and differential expression
analyses

The data pre-processing was performed as described here: http://
www.epigenesys.eu/en/protocols/bio-informatics/1283-guidelines-
for-rna-seq-data-analysis. Briefly, the quality of the raw sequence
data was assessed using FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Residual ribosomal RNA (rRNA)
contamination was assessed and filtered using SortMeRNA (v1.9;
settings -n 8 -a 8 -v) (Kopylova et al. 2012) and the rRNA
sequences provided with SortMeRNA (rfam-5s-database-id98.fasta,
rfam-5.8s-database-id98.fasta, silva-arc-16s-database-id95.fasta,
silva-bac-16s-database-id85.fasta, silva-euk-18s-database-id95.fas-
ta, silva-arc-23s-database-id98.fasta, silva-bac-23s-database-id98.
fasta and silva-euk-28s-database-id98.fasta). Data were then fil-
tered to remove adapters and trimmed for quality using
Trimmomatic (v0.32; Bolger et al. 2014; settings TruSeq3-PE-2.
fa:2:30:10 LEADING:3 SLIDINGWINDOW:5:20 MINLEN:50).
After both filtering steps, FastQC was run again to ensure that no
technical artefacts were introduced. Filtered reads were aligned
to v1.0 of the P. abies genome (retrieved from the ConGenIE
resource; Sundell et al. (2015) using STAR (v2.4.0f1; Dobin et al.
2013); non-default settings: –outSAMstrandField intronMotif
–readFilesCommand zcat –outSAMmapqUnique 254 –quantMode
TranscriptomeSAM –outFilterMultimapNmax 100 –outReads
Unmapped Fastx –chimSegmentMin 1 –outSAMtype BAM SortedBy
Coordinate –outWigType bedGraph –alignIntronMax 11,000).

The annotations obtained from the P. abies v1.0 GFF file contain
only one transcript per gene-model, and as such, did not need to
be modified to generate ‘synthetic’ gene models. This GFF file and
the STAR read alignments were used as input to the HTSeq
(Anders et al. 2015) htseq-count python utility to calculate exon-
based read count values. The htseq-count utility takes only
uniquely mapping reads into account. Statistical analysis of single
gene differential expression between conditions was performed in
R v3.2.3 (R Development Core Team) using Bioconductor v3.2
(Gentleman et al. 2004) and DESeq2 package v1.10.1 (Love
et al. 2014). Statistical analysis of single gene differential expres-
sion between conditions was performed in R v3.2.3 (R Develop-
ment Core Team) using Bioconductor v3.2 (Gentleman et al.
2004) and the DESeq2 (v1.10.1) (Love et al. 2014) and limma
(v3.28.1) packages (Law et al. 2014), namely the DESeq and
voom function from these packages. False discovery rate-
adjusted P-values were used to assess significance; a common
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threshold of 1% was used throughout. For the data quality con-
trol (QC) and visualization, the read counts were normalized
using a variance stabilizing transformation as implemented in
DESeq2. For all subsequent expression analyses, which were
also performed in R, the normalized expression values obtained
from voom-limma were used.
The biological relevance of the data, e.g., biological replicates

similarity, was assessed by principal component analysis (PCA)
and other visualization (e.g., heatmaps), using custom R scripts.
For all subsequent expression analyses, which were also per-
formed in R, the normalized read counts obtained from DESeq2
were used. An overview of the data, including raw and post-QC
read counts and alignment rates, is given in Table S2 available as
Supplementary Data at Tree Physiology Online. Additionally, we
used Basic Local Alignment Search Tool (BLAST) in the ConGenIE
web resource to compare sequences of genes expressed in our
samples with sequences of genes described previously as of key
importance in the establishment of the shoot apical meristem
(SAM) in Norway spruce. We used GenBank sequence database
provided by the National Center for Biotechnology Information
(NCBI) to obtain sequences of the above-mentioned genes.

Metabolomics

Metabolites were extracted from ground germinant samples fol-
lowing the method of Gullberg et al. (2004), with slight modifica-
tions as described in Businge et al. (2012). The GC/MS analysis
was performed as described in Businge et al. (2012) using a gas
chromatograph coupled to a time-of-flight mass spectrometer
(GC/TOFMS) equipped with an Agilent 7683 sampler (Agilent,
Atlanta, GA, USA) and silica capillary DB 5-MS column coupled to
a Pegasus III GC/TOFMS via an electron impact source (Leco
Corporation, St Joseph, MI, USA). All non-processed mass spectra
(MS) files from the metabolic analysis were converted from SMP-
format to NetCDF-format using ChromaTOF software (Leco
Corporation). Peak detection, peak area and mass spectra decon-
volution were performed using an in-house software programmed
in MATLAB ver. 8.1 (Mathworks, Natwick, MA, USA). The peaks
detected were identified by a database search, based on mass
spectra and chromatographic retention index, using NIST MS-
Search v. 2.0 (45) with the in-house mass spectra library database
established by the Umeå Plant Science Centre (UPSC) and the
mass spectra library maintained by the Max Planck Institute in
Golm (http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html)
or the NIST98 mass spectra library. The resulting data were
exported to Microsoft Excel (Microsoft Corporation, Seattle, WA,
USA) for multivariate data analysis and visualization.
For LC/MS, the dried extracts were first redissolved in 20 μl of

methanol and then 20 μl of water. The chromatographic separation
was performed using an Agilent 1290 Infinity UHPLC-system,
where 2 μl of extract were injected onto an Acquity UPLC HSST3
column (2.1 × 50mm, 1.8 μm C18) at 40 °C. The gradient elution
was A (H2O, 0.1% formic acid) and B (75/25 acetonitrile:2-

propanol, 0.1% formic acid) as follows: 0.1–10% B over 2 min,
B was increased to 99% over 5min and held at 99% for 2min;
returning to 0.1% for 0.3–0.9min, the flow-rate being 0.5ml
min−1. The compounds were detected with an Agilent 6540 Q-
TOF mass spectrometer equipped with an electrospray ion source
operating in negative ion mode. A reference interface was con-
nected for accurate mass measurements; the gas temperature was
set to 300 °C, the drying gas flow to 8 l min−1 and the nebulizer
pressure 40 psig. The sheath gas temp was set to 350 °C and the
sheath gas flow 11 l min−1. The capillary voltage was set to
4000 V and the nozzle voltage was 0 V. The fragmentor voltage
was 100 V, the skimmer 45 V and the OCT 1 RF Vpp 750 V. The
collision energy was set to 0 V. The m/z range was 70–1700,
and data were collected in centroid mode with an acquisition rate
of 4 scans s−1. The generated mass files were processed using
Mass Profiler Professional™ 12.5 (Agilent Technologies Inc.) and
the generated data normalized against an internal standard and
sample weight. Identification of metabolites was performed by
manual interpretation of the high mass accuracy of fragments pro-
duced by MS experiments or in-house database search.

Multivariate data analysis and visualization The processed
metabolite data were mean centered and unit variance scaled,
and subjected to multivariate data analysis using SIMCA P +
14.0.1 (Umetrics AB, Umeå, Sweden). Initially, the supervised
approach of PCA was used to obtain an overview of the data and
the resultant PCA score scatters were used to visualize the outliers
and patterns within the samples (Madsen et al. 2010). After PCA,
the orthogonal projections to latent structures discriminant ana-
lysis (OPLS-DA) approach was used to obtain valid models which
could discriminate the NGs and AGs. From the OPLS-DA loading
plots the significant metabolites were listed and then analyzed by
a two-tailed non-paired Student’s t-test (P < 0.05). The OPLS-DA
models were judged for quality using the goodness of fit (R2) and
goodness of prediction (Q2) parameters.

Results

Morphology of the apical domain

In all NGs a well-defined shoot above cotyledons with needles was
visible above fully expanded cotyledons (Figure 1a). Shoots were
at an early stage of development and made up less than 15% of
the total volume of germinant. Aberrant germinants (AGs) were
devoid of shoot above the cotyledons. In most 6-week-old AGs the
apical domain was flat and large (Figure 1b–e). In some cases tis-
sue on the surface of the apical domain appeared cracked
(Figure 1c) or protuberances were visible on the apical domain in
the vicinity of the cotyledonary axils (Figure 1d) and their surface
was occasionally brown (Figure 1e). Moreover, in some AGs, a
solitary filamentous structure formed instead of a shoot (Figure 1f).
In some 8-week-old AGs one or two shoots were formed from pro-
tuberances visible in 6-week-old germinants (Figure 1g–i).
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Macroscopic observations

The proportion of AGs on plates varied between 5% and 25%
(data not shown). We assessed all 6-week-old germinants for
survival and shoot development 10 weeks after planting. Eighty-
five percent of the planted normal germinants had developed
into vigorous plants with average length from first needle to
SAM of 1.9 cm (SEM 0.07), 6.9% had not survived, while 8.9%
displayed scant growth and died during the next 10 weeks. The
large majority (70.4%) of the AGs had not survived. The remain-
ing 29.6% appeared to have developed into plants but only 7%
of these were in good condition with an average length from first
needle to SAM of 1.2 cm (SEM 0.06).

Histological analysis

Normal germinants Longitudinal sections revealed typical
organization of the shoot apex (Figure 2a). A conical-shaped
SAM with visible needle primordia was surrounded by needles at

different stages of development (Figure 2a and b). Cells in both
the outermost layer of the SAM and in subapical layers had dense
cytoplasm with prominent nucleus, and were tightly packed. The
nucleus occupied most of the volume of the cell in the outermost
layer of the SAM while cells in subapical layers of the SAM were
bigger and had small vacuoles (Figure 2a and b; see Figure S2a
available as Supplementary Data at Tree Physiology Online).

Parenchyma cells of the stem were isodiametric, thin-walled
and strongly vacuolated, with small intercellular spaces
(Figure 2a). The outermost peridermal walls of the epidermal
cells of the SAM and needles were characterized by the cuticular
layer (Figure 2b). Starch grains were not found in the SAM and
its immediate vicinity (see Figure S2b available as Supplementary
Data at Tree Physiology Online) but were visible in the more distal
parts of the stem and in the needles (see Figure S2c and d avail-
able as Supplementary Data at Tree Physiology Online). Tracheary
elements were distinguishable in the vascular tissue of the stem

Figure 1. Morphology of apical domain of SE Norway spruce germinants (stereomicroscope). (a–f) Six-week-old germinants; (g–i) 8-week-old germi-
nants; (a) normal germinant (NG); (b)–(i) aberrant germinants (AGs). Arrow indicates in: (a) shoot; (b) apical domain bordered by cotyledons; (c)
cracks in tissue covering apical domain; (d) protuberances at the juncture of cotyledon base; (e) protuberances in the central part of apical domain; on
(f) filamentous structure; on (g–i) shoot initiated in the vicinity of cotyledonary axil. cot, cotyledon. Scale bar: 200 μm.
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Figure 2. Histology of apical pole of normal (NGs; a and b) and aberrant SE Norway spruce germinants (AGs; c–k) on longitudinal radial sections. (a),
(e–f), (g–j) and (k) toluidine blue O staining; (b) and (k) Nile red staining; (h) Lugol solution staining. (a) and (c–j) light microscope, bright field; (b)
and (k) epifluorescence microscope, blue light. SAM, shoot apical meristem; le, leaf; lp, leaf primordium; st, stem; epi, epicotyl; cot, cotyledon; vt, vascular
tissue. Shoot apex of NGs (a) and (b); (a) open arrow, leaf primordium; arrow with empty arrowhead, outermost layer of SAM; open arrowheads, paren-
chymatous cells with turquoise color content of vacuole; (b) arrows with empty arrowheads indicate cuticle. Apical pole of AGs devoid of SAM (c–h);
square on (c) represents area shown on (d), square on (e) represents area shown on (f); black arrows with open arrowhead indicate parenchymatous
cells with green-blue vacuole stained with toluidine blue O; black arrows with filled arrowhead, peripheral tissue of hypocotyl rich in polyphenols (green-
blue color of vacuole content after staining with toluidine blue O); black filled arrowheads, tissue covering apical pole; black arrows with double arrow-
head, periclinal cell walls; black arrows with empty arrowhead, starch grains; empty black arrowheads, intercellular spaces; black arrows with double
arrowhead, nucleus; white arrow with open arrowhead, cells in tissue covering apical pole with green-yellow autofluorescence of cell walls; white arrow
with filled arrowhead, cells in tissue covering apical pole with yellow-orange autofluorescence of cell walls; circle outlines complex of cells. Apical pole of
AGs with SAM-like structure (indicated by arrow with filled arrowhead) (i–k); arrows with empty arrowhead indicate nucleus; arrows with open arrow-
head, cuticle; empty arrowheads, polyphenol deposits; filled arrowheads, tissue covering apical pole. Scale bar: a, c, e, j, k=100 μm; b, d, f, g, h,
i=50 μm; k=20 μm.
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and needles and secondary thickening of their cell walls was vis-
ible (see Figure S2c and e available as Supplementary Data at
Tree Physiology Online). Vacuoles of some parenchymatous cells
in stem and needles stained green-blue with toluidine blue O,
denoting the accumulation of polyphenols within these cells
(Figure 2a; see Figure S2d available as Supplementary Data at Tree
Physiology Online). The vacuoles in SAM did not stain with toluidine
blue O (Figure 2a; see Figure S2a available as Supplementary Data
at Tree Physiology Online).

Aberrant germinants The SAM was not defined in most of the
AGs and the apex of the cotyledonary zone was flat and extensive
(Figure 2c). Cells in the outermost layer of the apical pole were
smaller than parenchymatous cells in the subapical region but in
both regions they were vacuolated and had small nuclei (Figure 2c
and d). Moreover, periclinal division cell walls and cell complexes
were observed in the outermost cell layer and in parenchymatous
cells in the immediate vicinity of the surface layer (Figure 2d). In
some AGs, the apex was covered by tissue composed of a few
layers of strongly vacuolated cells of irregular shape that seemed
to be collapsed and in some places cracked and/or peeling off
(Figure 2e and f). The vacuoles in cells covering the apex stained
green-blue with toluidine blue O (Figure 2e). In blue light the cell
walls of these cells displayed yellow-orange autofluorescence
(Figure 2g). The peripheral tissue of hypocotyls (alongside the
long axis of the hypocotyl) had similar characteristics to the tis-
sue covering the apex (Figure 2c and e). The parenchymatous
cells in the apical domain of the hypocotyl were strongly vacuo-
lated and separated by intercellular spaces (Figure 2c and d).
Parenchymatous cells with vacuoles stained green-blue with
toluidine blue O and were abundant in this part of the hypocotyl
(Figure 2c and e). Moreover, these cells were laden with starch
grains (Figure 2h).
In some AGs, SAM-like dome-shaped structures were observed

(Figure 2i and k). However, their histology differed from the nor-
mal SAMs present in the NGs. In particular, the cells of the two
outermost layers of these structures had prominent nuclei occupy-
ing most of the volume of the cells and were tightly packed, like
cells of the outermost layer of normal SAMs, but in their cytoplasm,
vacuoles rich in polyphenol deposits stained green-blue with tolui-
dine blue O (Figure 2j). Cells in subapical layers had prominent
nuclei but their cytoplasm was strongly vacuolated (Figure 2i and j).
Moreover cells in the two outermost layers were irregularly
shaped. The outermost walls of the SAM-like structures were
‘wrinkled’ (Figure 2j) and had cuticular layers (Figure 2k).
Furthermore, SAM-like structures were partially covered by
irregular, highly vacuolated, collapsed cells with cell walls fluor-
escing yellow-orange in blue light (Figure 2i). The tissue cover-
ing the SAM-like structures seemed to be loosely connected to
the surface, while cells localized below the two outermost cell
layers had prominent nuclei and were vacuolated (Figure 2j).

Transcriptome profiling

RNA-Seq-based transcriptome profiling detected more than
1500 significantly differentially expressed genes (see
Table S3 available as Supplementary Data at Tree Physiology
Online) at an adjusted P-value cut off of 1% and 1014 (299
up-regulated in AGs and 715 down-regulated in AGs) of them
have been annotated as high confidence in the ConGenIE web
resource. We filtered differentially expressed genes using a cut
off threshold of log2-fold change ≥1 or ≤−1 to select candidates
for further investigation. Using these criteria, we identified 371
differentially expressed genes which were subsequently named
based on their closest Arabidopsis homologs. Lastly, we used
The Arabidopsis Information Resource (TAIR) gene model num-
bers and previously published literature to group the 370 genes
into different functional classes (see Table S4 available as
Supplementary Data at Tree Physiology Online). We categorized
the differentially expressed genes as being involved in: shoot
apical meristem development (3%), developmental processes
(17%), hormone signaling and biosynthesis (12%), stress and
defense (8%), cell wall and carbohydrate metabolism (8%), pro-
tein and amino acid metabolism (5%), lignin and phenol biosyn-
thesis (3%), lipid metabolism (6%), signaling (2%), transport
(5%), other metabolic processes (12%) and genes with
unknown function (20%) (Figure 3). Generally, 92% of the
genes in Table S4, available as Supplementary Data at Tree
Physiology Online, were down-regulated in the AGs compared
with NGs. Genes selected based on the estimated relevance
have been listed in Table 1.

Moreover, based on information previously published in the lit-
erature, we compared the list of genes that were not differentially
expressed with putative genes involved in the establishment of
the SAM in Arabidopsis (Table 2) and Norway spruce (Table 3).

Metabolome profiling

Using GC/MS analysis, we identified 50 compounds from the
metabolic extracts of the Norway spruce SE germinants. We cate-
gorized the metabolites into three main biochemical groups
namely: amino acids and derivatives (12), carbohydrates (17) and
other metabolites (21) (see Table S5 available as Supplementary
Data at Tree Physiology Online). An OPLS-DA was performed to
discriminate the two types of germinants. A three-component
OPLS-DA model with R2 = 80% and Q2 = 87% distinguished
the AGs from the NGs. Subsequently, the metabolites distin-
guishing the two types of germinants were listed from the
OPLS-DA plots, where eight of them were significantly different
between the AGs and NGs (Figure 4). The metabolites with
increased levels in the AGs included several monosaccharides
(fructose, glucose, galactose, mannose and sorbose) and two
members (glutamine and proline) of the glutamate family of
amino acids. By contrast, oxalic acid was significantly decreased
in the AGs (Figure 4).
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The LC/MS-based metabolite profiling yielded 397 compounds
(see Table S6 available as Supplementary Data at Tree Physiology
Online). A three-component OPLS-DA model with R2 = 62% and
Q2 = 78% was constructed and distinguished the AGs from the
NGs. We further analyzed the metabolites listed from the OPLS-
DA loading plots by t-test. We listed the significant metabolites
(53 out of 397) in the Table S7, available as Supplementary Data
at Tree Physiology Online, and annotated 23 of them (Table 4).
Increased levels of metabolites associated with the citric acid
cycle (aconitic acid), sterol metabolism (7-hydroxysitosterol) and
fatty acid metabolism (3-hydroxyhexadecanoic acid and methyl
2-hydroxyhexadecanoate) were observed in AGs germinants. On
the other hand, the AGs contained significantly decreased levels
of the chloroplast membrane lipid constituents (monogalactosyl-
diacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG)).
Additionally, two conifer resin acids, dehydroabietic acid, (DHA)
and hydroxy-7-oxodehydroabietic acid were detected in the AGs
at significantly decreased levels (Table 4).

Discussion

Somatic embryo germinants of Norway spruce were used as a
model system to increase our understanding of regulatory pro-
grams for germination of conifer somatic embryos. Morphological
differences between NGs and AGs were shown to be associated
with differential expression of genes and metabolites in the two
sample types, suggesting critical pathways active during normal
germination.
Histological analysis showed that 6-week-old NGs had well

developed conical-shaped SAMs with well-defined outermost
cell layers representing the tunica surrounded by true needles
and needle primordia, whereas germinants that did not form
shoots (AGs) were in most cases devoid of a SAM and their
apical pole was flat. When first formed the SAM in mature spruce
somatic embryos is flat with a single outermost layer of cells with

dense cytoplasm and prominent nucleus (Kong and Yeung
1992). The AGs did not develop shoots above the cotyledons
and appeared arrested at the early developmental stage asso-
ciated with a flat SAM. However, all cells in the SAM of the AGs
at the apical pole were vacuolated and laden with starch grains,
which resemble starch-filled parenchyma cells, a structure previ-
ously interpreted as a sign of differentiation and loss of meri-
stematic identity that leads to disorganization in the apical
domain (Yeung et al. 1996, Tahir and Stasolla 2006).

In mutants of the WUS gene, the SAM, instead of producing
new organs, stops functioning prematurely and as a result a flat
and enlarged shoot apex is formed (Laux et al. 1996), similar to
what was observed in the AG samples. A related spruce homo-
log PaWOX2 (WOX; WUS homeobox) is differentially expressed
during the earlier stages of somatic embryo development up to
the mature embryo stage and is also expressed in the shoots of
2-week-old seedlings (Palovaara and Hakman 2008). In the
present study, no homologs of WUS or WOX genes were
detected. Other homologs of genes essential for embryonal SAM
establishment: KNOX1 homologs STM, HBK2 and HBK3 were
detected but not differentially expressed.

Gradients of cytokinin appear to act as a spatial reference to
inform cells about their position during SAM establishment.
Cytokinin signaling triggers cell re-specification through induction of
WUS and may be a key link in triggering the formation of shoot tis-
sues in culture (Gordon et al. 2009). Previous studies showed that
AHK2, AHK3 and AHK4 encoding cytokinin receptors play a crucial
role in control of cytokinin signaling during plant development
(Franco-Zorilla et al. 2005). In the AG samples, AHK4 was down-
regulated, suggesting a possible role of cytokinin signaling in the
formation of spruce SAM. Furthermore, the transcript encoding a
receptor kinase, ERECTA-LIKE1 (ERL1), was down-regulated in
AGs. As was the case with the AG SAM, the SAM of Arabidopsis
erl mutants appeared flat and broadened (compared with the
wild-type SAM) (Uchida et al. 2013).

Figure 3. Functional classification of the differentially expressed genes in the aberrant (AGs) compared to normal (NGs) SE germinants of Norway spruce.
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Table 1. Selected differentially regulated genes in aberrant (AGs) compared with normal (NGs) Norway spruce SE germinants.

Gene ID1 Log2-fold
2

change
At locus ID3 Other name/putative function Functional description4

MA_112273g0010 −1.11 AT1G08465 YABBY2 (YAB2) Regulation of SAM development
MA_123918g0010 −3.17 AT1G30950 UNUSUAL FLORAL ORGANS (UFO) Creation of boundary between SAM and cotyledons
MA_10433688g0010 −2.79 AT4G21750 MERISTEM LAYER 1 (ATML1) Specification of epidermal expression in meristems
MA_4022g0010 −3.01 AT5G62230 ERECTA-LIKE 1 Embryo sac and plant ovule development
MA_12679g0010 −2.19 AT2G42800 RECEPTOR LIKE PROTEIN 29 (RLP29) Expressed in SAM
MA_111671g0010 −3.70 AT2G42840 PROTORDERMAL FACTOR 1 (PDF1) Expressed in L1
MA_43714g0010 −1.47 AT5G09970 CYTOCHROME P450 78A7 (CYP78A7) Expressed at periphery of SAM
MA_73656g0010 −1.15
MA_8090186g0010 −1.06 AT4G36920 APETALA2 (AP2) SAM maintenance
MA_120550g0010 −1.25 AT5G65700 BARELY ANY MERISTEM 1 (BAM1) SAM maintenance
MA_37369g0010 −1.10 AT1G30210 TEOSINTE BRANCHED 1 (TCP24) Regulation of SAM development
MA_122121g0010 −3.40 AT4G00730 ANTHOCYANILESS 2 (ANL2) Regulation of cell wall mechanical properties
MA_120602g0010 −3.87 AT3G24140 FAMA Stomatal development
MA_10429708g0010 −3.54 AT2G26250 3-KETOACYL-CoA SYNTHASE 10 (KCS10) Cuticle development and fatty acid biosynthesis
MA_56709g0010 −2.89 AT1G19440 3-KETOACYL-CoA SYNTHASE 4 (KCS4) Cuticle development and fatty acid biosynthesis
MA_10605g0020 −2.01 AT1G68530 3-KETOACYL-CoA SYNTHASE 6 (KCS6) Cuticle development and fatty acid biosynthesis
MA_45157g0010 −2.69 AT1G01120 3-KETOACYL-CoA SYNTHASE 1 (KCS1) Cuticle development and fatty acid biosynthesis
MA_421737g0010 −3.24 AT4G25050 ACYL CARRIER PROTEIN 4 (ACP4) Regulation of chloroplast fatty acid biosynthesis and

development
MA_9115341g0010 −3.14 AT3G07340 CRY2-INTERACTING BHLH 3 (CIB3) Promotion of flowering
MA_139238g0010 −1.22 AT4G01680 MYB DOMAIN PROTEIN 55 (MYB55) Cell differentiation
MA_96803g0010 −1.58 AT3G59420 CRINKLY 4 (ACR4) Embryo development, root development
MA_401848g0010 −1.02 AT5G13930 CHALCONE SYNTHASE (XTH993) Polar transport of auxin, flavonoid biosynthesis
MA_6172876g0010 −1.12
MA_38g0010 −1.10 AT4G29080 INDOLE-3-ACETIC ACID INDUCIBLE 27

(IAA27)
Auxin-activated signaling pathway

MA_10431093g0030 −1.01
MA_53529g0010 −1.43
MA_10431815g0020 −1.81 AT3G28860 ATP-BINDING CASSETTE B19 (ABCB19) Polar transport of auxin
MA_934204g0010 −2.61 AT3G28345 ATP-BINDING CASSETTE B15 (ABCB15) Auxin efflux
MA_339700g0010 −3.17 AT2G16280 3-KETOACYL-CoA SYNTHASE 9 (KCS9) Fatty acid biosynthesis, involved in polar transport

of auxin
MA_326409g0010 −3.06 AT5G46290 KETOACYL-ACP SYNTHASE 1 (KAS1) Response to cytokinins
MA_47453g0010 −1.04 AT2G01830 ARABIDOPSIS HISTIDINE KINASE 4 (AHK4) Cytokinin response in SAM
MA_24001g0010 −3.45 AT1G74670 GA-STIMULATED ARABIDOPSIS 6 (GASA6) Response to gibberellic acid
MA_7575249g0010 −2.68
MA_10298g0010 1.72
MA_754688g0010 −4.07 AT1G15100 RING-H2 FINGER A2A (RHA2A) Regulation of ABA signaling, response to osmotic

stress
MA_295001g0010 1.08 AT5G45340 CYTOCHROME P450 707A3 (CYP707A3) ABA catabolic processes, brassinosteroid

biosynthesis
Others (selected)
MA_9374017g0010 −3.86 AT3G02940 MYB DOMAIN PROTEIN 107 (MYB107) Response to ABA, regulation of transcription
MA_328490g0010 −1.53 AT5G23960 TERPENE SYNTHASE 21 (TPS21) Response to herbivore and wounding
MA_10430954g0010 −4.24 AT1G61680 TERPENE SYNTHASE 14 (TPS14) Response to herbivore and wounding
MA_10435148g0010 −5.91 AT4G16730 TERPENE SYNTHASE 02 (TPS02) Response to herbivore and wounding
MA_17608g0020 −2.17 AT4G16740 TERPENE SYNTHASE 03 (TPS03) Response to herbivore and wounding
MA_98268g0010 −1.28 AT1G78380 GLUTATHIONE S-TRANSFERASE TAU 19

(GSTU19)
Response to water deprivation, glutathione
metabolic process, oxidation-reduction process

MA_7765271g0010 −2.22 AT4G28250 EXPANSIN B3 (EXPB3) Plant-type cell wall loosening
MA_100868g0010 −1.04 AT2G40610 EXPANSIN A8 (EXPA8) Plant-type cell wall loosening
MA_86877g0010 −4.29 AT1G69530 EXPANSIN A1 (EXPA1) Plant-type cell wall loosening
MA_11125g0010 −2.87 AT4G03210 XYLOGLUCAN ENDOTRANSGLUCOSYLASE/

HYDROLASE 9 (XTH9)
Regulation of vegetative and reproductive meristem
developmentMA_409361g0010 −2.11

MA_10168001g0010 −3.11
MA_120431g0010 1.22

(Continued)
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Table 1. (Continued)

Gene ID1 Log2-fold
2

change
At locus ID3 Other name/putative function Functional description4

MA_10429460g0010 1.04 AT1G32900 GRANULE BOUND STARCH SYNTHASE 1
(GBSS1)

Starch biosynthesis

MA_6198g0010 1.19 AT1G27680 ADPGLC-PPASE LARGE SUBUNIT (APL2) Glycogen biosynthesis, starch biosynthesis
MA_56430g0020 1.29 AT5G07050 USUALLY MULTIPLE ACIDS MOVE IN AND

OUT TRANSPORTERS 9 (UMAMIT9)
Transmembrane transport in chloroplast

MA_7195626g0010 −1.80 AT2G38540 LIPID TRANSFER PROTEIN 1 (LTP1) Lipid transport
MA_50251g0010 −2.11 AT5G59320 LIPID TRANSFER PROTEIN 3 (LTP3) Lipid transport
MA_903132g0010 −1.67 AT3G51600 LIPID TRANSFER PROTEIN 5 (LTP5) Lipid transport
MA_46522g0010 −4.32 AT1G73340 ABIETANE DITERPENE OXIDASE 1 (ADTO1) Oxidation-reduction process
MA_10427376g0010 −1.19
MA_10436713g0030 −3.23 AT5G21105 Plant L-ascorbate oxidase Oxidation-reduction process
MA_10197498g0020 −1.07 AT3G26060 Thioredoxin superfamily protein Oxidation-reduction process
MA_10434874g0010 −1.96 AT5G42800 DIHYDROFLAVONOL 4-REDUCTASE (DFR) Oxidation-reduction process
MA_50593g0010 1.03 AT1G14520 MYO-INOSITOL OXYGENASE 1 (MIOX1) Biosynthesis of L-ascorbic acid
MA_686524g0010 −3.42 AT1G72210 BHLH96 Regulation of transcription
MA_10530g0010 −4.76 AT2G46760 GULLO6 Ascorbic acid biosynthesis and oxidation-reduction

process

1ConGenIE gene ID.
2Fold change values are log2-transformed.
3Arabidopsis Genome Initiative locus identifier.
4TAIR gene model.

Table 2. Homologs of selected Arabidopsis genes involved in establishment of SAM with the same level of expression in aberrant (AGs) and normal
(NGs) Norway spruce SE germinants.

Gene ID1 At locus ID2 Other name Average
expression3

Functional description4

AG NG

MA_10428446g0010 AT1G62360 SHOOT MERISTEMLESS (STM) 6.45 6.47 SAM formation during embryogenesis, SAM function
throughout the lifetime of the plantMA_303404g0010 4.01 3.92

MA_41523g0010 4.91 4.81
MA_9556g0010 4.86 4.72
MA_1910g0010 AT2G33880 WUSCHEL RELATED

HOMEOBOX 9 (WOX9)
0.57 0.45 Required for root and shoot growth and development

1ConGenIE gene ID.
2Arabidopsis Genome Initiative locus identifier.
3Expression level values are log-transformed.
4TAIR gene model.

Table 3. Expression of P. abies selected genes involved in establishment of SAM in aberrant (AGs) and normal (NGs) Norway spruce SE germinants.

Gene
name

Accession no.1 Best ConGenIE BLAST
match2

E-value Similarity3 Average expression4 Reference

AG NG

PaNAC01 HM638414 (complete cds.,
1663 bp)

MA_16595g0010 0 99% (1352 bp/
1362 bp)

4.14 4.01 Larsson et al.
(2012).

HBK2 AF483277 (partial cds.,
1441 bp)

MA_10428446g0010 0 100% (1153 bp/
1153 bp)

6.45 6.47 Hjortswang et al.
(2002).

HBK3 AF483278 (complete cds.,
1529 bp)

MA_9556g0010 0 98% (1245 bp/
1263 bp)

4.86 4.72 Hjortswang et al.
(2002).

1National Center for Biotechnology Information (NCBI) GenBank.
2ConGenIE gene ID.
3Percentage of identical and similar sequences between genes from NCBI GenBank and Norway spruce genes provided by ConGenIE.
4Expression level values are log-transformed. All genes in the table were not differentially expressed in AGs and NGs.
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The cellular glutathione redox state affects the yield and qual-
ity of embryos, as well as SAM formation (reviewed in: Tahir and
Stasolla 2006). The oxidized form of glutathione (GSSG), con-
trary to the reduced form (GSH), promotes proper SAM forma-
tion and development. In germinating somatic embryos of
spruce, shifting of the ascorbate pool towards its reduced form
can rescue poorly organized SAMs (reviewed in: Tahir and
Stasolla 2006). Moreover, it has been assumed that there is
interaction between ascorbate and glutathione metabolism
(Potters et al. 2002). The levels of reduced (AA) and oxidized

(DHA) ascorbate were not significantly different in AGs and
NGs. However, genes encoding enzymes involved in the
oxidation-reduction processes of ascorbate and glutathione,
such as L-ascorbate oxidase and D-arabinono-1,4-lactone oxi-
dase, and thioredoxin or glutathione S-transferasere were down-
regulated in AGs implying that cellular glutathione redox state is
also important at later stages of embryo development during
germination.

Signals involved in morphogenesis of the SAM are largely
regulated by plant hormones with auxin as a key regulator. Auxin
signal transduction is mediated by AUXIN/RESPONSE FACTORs
(ARFs) and AUXIN/INDOLE3-ACETIC ACID (Aux/IAAs) proteins.
Aux/IAAs are repressor proteins that inhibit ARF function
believed to be involved in the primary transcriptional response to
auxin (Tiwari et al. 2001, Paponov et al. 2008). One member of
the Aux/IAA gene family, IAA27, and two ATP-binding cassette
(ABC) transporters, ABCB15 and ABCB19, involved in polar
transport of auxin, were down-regulated in AGs, implying that
similar auxin regulatory mechanisms is also in place during coni-
fer embryo germination.

Three homologs of Arabidopsis expansin genes (EXPA1, EXPA8,
EXPB3) were down-regulated in AGs. Expansins are extracellular
proteins that play an important role in the relaxation of stress in
cell walls and thus in plant cell growth (Sampedro and Cosgrove
2005). Expression of expansins is associated with both root and
shoot meristems, and with formation of leaf primordia in the shoot
apical meristem (Reinhardt et al. 1998). Perturbations in cell wall

Figure 4. Log2-fold change of metabolites analyzed by GC/MS in aber-
rant (AGs) compared with normal (NGs) Norway spruce SE germinants.
Only metabolites that were significantly different between AGs and NGs
as tested by the Student’s t-test (P < 0.05) are presented.

Table 4. Significant (P < 0.05) log2-fold changes in content of various metabolites between aberrant (AGs) and normal (NGs) somatic embryo germi-
nants of Norway spruce as analyzed by LC/MS.

Metabolite ID P-value Log2-fold change (AG/NG)

7-Hydroxysitosterol 0.00 0.38
Sesterterpene 0.02 0.40
Methyl 2-hydroxyhexadecanoate 0.00 0.48
Aconitic acid 0.02 0.52
3-Hydroxyhexadecanoic acid 0.01 0.60
MGDG(36:5) 0.03 −0.55
MGDG(36:6) 0.00 −0.85
MGDG(36:7) 0.05 −0.52
DGDG(34:3) 0.02 −0.48
DGDG(36:6) 0.03 −0.59
Glucosyl-15-methylhexadecasphing-4-enine (glycoceramide) 0.05 −0.40
Glycoceramide 0.04 −0.37
Hydroxyglutaric acid 0.03 −0.28
N-acetyl-L-glutamic acid 0.06 −0.55
Sinapoyltartronate 0.00 −1.39
Hydroxy-7-oxodehydroabietic acid 0.00 −2.93
Methyllabda-8-en-15-oate 0.00 −1.42
10-(4-Methylphenyl)-5H-benzo[c]furo[3,2-g]chromen-5-one 0.02 −1.06
1-Hydroxydibenz(a,c)anthracene 0.03 −1.04
Dehydroabietic acid 0.01 −1.04
6-[(6-Deoxy-β-D-glucopyranosyl)oxy]-2,6-dimethyl-7-octenoic acid 0.04 −1.04
4-(4-Methoxyphenyl)-8-methyl-7-(2-oxo-2-phenylethoxy)chromen-2-one 0.01 −1.02

MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol.
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properties resulting from lower expression of expansin genes
may confuse chemical signaling between different parts of the
meristem. Disrupted expansin gene expression causes meristem
enlargement and fasciation, apparently by disrupting the normal
signaling between tunica and the corpus (Cosgrove 2000).
Expansins are also involved in seed germination and their action
during germination is mediated by gibberellin-regulated protein,
GASA6 (Zhong et al. 2015). Accumulation of gibberellic acid
(GA) during germination is accompanied by reduction in abscisic
acid (ABA) levels, suggesting that GA and ABA play antagonistic
roles in this process (Olszewski et al. 2002). Two homologs of
Arabidopsis GASA6 were down-regulated in AGs and one was up-
regulated. GASA6 is involved in a multi-signaling network inte-
grating GA, ABA and glucose responses in the regulation of the
timing of seed germination (Zhong et al. 2015). The gene encod-
ing cytochrome P450 taking part in ABA catabolic processes,
CYP707A3, was up-regulated and a gene encoding the RING-H2
protein, RHA2a, was down-regulated in AGs. CYP707A3 has
been reported to be involved in early seedling growth after ger-
mination and Arabidopsis cyp707a mutants accumulate ABA in
dry seeds (Okamoto et al. 2006). RHA2a has also been revealed
to be an important regulator of ABA signaling during seed germin-
ation and early seedling development (Bu et al. 2009). Combined
with the observation that glucose and other sugars levels were
elevated in AGs compared with NGs, this indicates that cross-talk
between GA, ABA and sugars may be an important factor during
germination of somatic embryos of spruce.
The AGs had increased levels of monosaccharides including

glucose, fructose, mannose, sorbose and galactose. Based mainly
on studies in Arabidopsis, it was suggested that high sugar accu-
mulation during early seedling development may be an indication
of untenable growth conditions (Lopez-Molina et al. 2001), cul-
minating in arrested development as a protection measure
(Rolland et al. 2002). In the realm of SE, fructose or glucose can
prevent embryo development and even lead to the accumulation
of protein carbonyls and Maillard products in embryogenic cul-
tures of Norway spruce (Businge and Egertsdotter 2014).
Furthermore, owing to its ability to inhibit cell wall β-galactosi-
dases, galactose is known to have a direct toxic effect on tissues
by compromising cell wall loosening and elongation growth
(Cheung and Cleland 1991, Thorpe et al. 1999), suggesting that
these sugars may adversely affect germination. Many studies
have also shown that plants have nutrient-specific signaling
mechanisms of adapting their growth and development to chan-
ging nutritional conditions. Sugars can act as signaling molecules
and regulators of gene expression, and the response to nutrient
status via transcriptional regulation allows plants to modulate and
coordinate developmental programs (reviewed in: Rolland et al.
2006, Eveland and Jackson 2011, Winkelmann 2016). In this
context, genes encoding proteins belonging to the TF families that
Price et al. (2004) identified as being glucose-responsive (such
as MYB55, MYB93, MYB107, CIB3, FAMA and BHLH96) were

down-regulated in the AGs. While the availability of carbohydrates
required for organ growth naturally has an impact on plant develop-
ment, sugars can also cross-talk with various hormone signaling
networks and other factors. It is therefore worth pointing out that
sugar–hormone cross-talk modulates crucial developmental pro-
cesses such as embryo establishment, seed germination and seed-
ling growth (reviewed in: Eveland and Jackson 2011).

Another important finding of the present study was that there
were alterations in the profiles of amino acids and lipids in the
two sample types. For example, the AGs had higher levels of pro-
line and glutamine than NGs. This result is not surprising because
storage proteins of conifers contain an abundance of glutamine
that is utilized upon germination (Cánovas et al. 2007), and its
abundance in AGs as opposed to NGs may be due to the compro-
mised growth of the AGs. As for proline, as we alluded to above,
proline accumulation in plants confers protection to abiotic stress
(Verbruggen and Hermans 2008) and is also common in non-
stressed plant tissues, in which case it may protect developing
cells from osmotic damage (Chiang and Dandekar 1995). With
respect to lipid metabolism, RNA-Seq data analysis revealed that
genes encoding proteins involved in fatty acid biosynthesis
(KCS1, KCS4, KCS6, KCS9, KCS10, ACP4 and KASI) and lipid
transport (LTP3, LTP4 and LTP5) were down-regulated in the
AGs. In addition, the AGs had reduced content of the main chloro-
plast membrane galactolipids, DGDG and MGDG. Considering
that ACP4 is a cofactor of lipid/fatty acid synthesis and KASI is
responsible for provision of carbon skeletons of membrane lipids
(Olsen et al. 2001, Branen et al. 2003), the down-regulation of
these genes may account for the low content of galactolipids in
AGs. From the perspective of early plant growth, reorganization
of membranes and organelle formation are regarded as some of
the important events during seed germination. Against this back-
ground, previous evidence indicates that increase in galactolipids
influences plastid biogenesis, which in turn enables the efficient
establishment of photoautotrophic metabolism (Kobayashi et al.
2007). Therefore, we hypothesize that the reduced content of
galactolipids in AGs may affect the development of biologically
important endomembrane organelles, thereby contributing to
aberrant germination.

Finally, genes encoding enzymes involved in synthesis of
defence-related secondary metabolites including terpenes (TPSs;
Chen et al. 2011), anthocyanidins (DFR; Gruner et al. 2013),
anthocyanins (ANL2; Kubo et al. 1999) and diterpene resin acids
(ADTO1; Ro et al. 2005) were down-regulated in AGs. The AGs
also contained low levels of the diterpene resin acids, DHA and
hydroxy-oxo-DHA, which are involved in the defense responses of
conifers against insects and pathogens (Hall et al. 2013). The
down-regulation of TPS genes in the AGs may result from the
absence of a functional shoot as supported by results from a tran-
scriptomic study of Sitka spruce (Picea sitchensis) apical shoots
where the majority of TPS genes showed high expression ratios in
apical shoots relative to the woody base (Friedmann et al. 2007).
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Conclusions

Comparison of NGs and AGs by transcriptomic, metabolomic
and histological profiling highlights major contributors within the
gene-metabolite networks in germinated somatic embryos in
Norway spruce. Notably, 342 genes accounting for 92% of the
differentially expressed genes were down-regulated in the AGs.
The genes are involved in a wide range of biological processes,
including SAM formation, hormone signaling, lipid and amino
acid metabolism, transport, cell wall modification and stress
response. From the current results, down-regulation of some of
these genes and accumulation of metabolites such as proline
appears associated with the absence of a functional shoot in
AGs whereas down-regulation of genes involved in oxidation
processes—related to SAM organization. Further studies on pro-
cesses active during early germination will confirm transcript
and/or metabolites as potential markers for normal germination.
Moreover, metabolites associated with defense and stress
response, signaling and organelle development were signifi-
cantly altered in AGs compared with NGs. Notably, increased
levels of sugars in AGs combined with the differential expression
of genes involved in hormone signaling suggest that cross-talk
between hormones and sugars is an important factor during ger-
mination of somatic embryos in conifers. This study combines
results from transcriptomic analyses by RNA-Seq, metabolite
analyses by GC/MS and LC/MS with histological information
offering a systems biology approach to characterization of a
developmental process in conifers.
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