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ABSTRACT
Somatic embryogenesis is the only cloning route capable of delivering conifer propagation at a scale useful to
forestry, yet the low and unpredictable conversion of proembryogenic masses into mature, germinable embryos
remains the single largest obstacle to routine deployment. We used RNA sequencing to track gene expression
across five developmentally defined stages of somatic embryogenesis in Norway spruce (Picea abies), from
proliferating proembryogenic masses through early and late somatic embryos to the desiccation-tolerant
maturation stage, comparing two embryogenic cell lines with contrasting maturation efficiency (line H selected for
high conversion, line L for persistently low conversion despite repeated maturation attempts). Differential
expression analysis identified 6,847 genes changing significantly across the developmental series in line H,
organised into six temporal clusters by weighted gene co-expression network analysis. The transition from
proembryogenic mass proliferation to early embryo patterning coincided with sharp induction of LEAFY
COTYLEDON, BABY BOOM and WOX2 orthologues alongside a marked shift in auxin-responsive gene
expression consistent with establishment of the apical-basal polarity axis. Line L showed a substantially blunted
and delayed version of this transcriptional switch, with LEAFY COTYLEDON induction reduced by roughly 70% at
the equivalent developmental timepoint and persistent expression of proliferation-associated cyclin genes into
stages where line H had already committed to embryo patterning, suggesting a failure to exit the proembryogenic
proliferative state cleanly rather than a defect specific to later maturation physiology. Late-stage maturation was
dominated in both lines by late embryogenesis abundant protein and storage protein transcripts, but line L
reached only 40-55% of line H's peak expression for the core LEA gene set. These results place the
proembryogenic-to-embryo transition, rather than desiccation tolerance acquisition itself, as the developmental
bottleneck most clearly distinguishing high- and low-conversion embryogenic lines, and they identify a compact
panel of marker transcripts that could be used to triage new embryogenic lines before committing them to lengthy
maturation protocols.
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Clonal propagation through somatic embryogenesis has
been technically possible in Norway spruce and several
other commercially important conifers for more than
three decades, and it remains, in principle, the most
attractive route to capturing genetic gain from tree
breeding programmes at operational planting scale,
since a single embryogenic cell line can in theory be
bulked into an essentially unlimited number of genetically
identical plants [1,2]. In practice, deployment has been
held back by a persistent and poorly understood
bottleneck: embryogenic cell lines vary enormously,
often by more than an order of magnitude, in the
proportion of proembryogenic masses that can be
coaxed through maturation into cotyledonary embryos
capable of germinating into normal plants, and this
variability is only weakly predictable from a line's early
proliferation behaviour or its response to standard
induction media [3,4].
The developmental biology underlying somatic
embryogenesis in conifers broadly recapitulates the
stages of zygotic embryogenesis, proceeding from a
proliferating mass of small, densely cytoplasmic
embryonal cells through polarised early embryos with a
distinct embryonal and suspensor domain, to bipolar late
embryos that undergo a maturation phase involving
abscisic-acid-driven accumulation of storage reserves
and acquisition of desiccation tolerance [5,6]. Molecular
genetic work in angiosperm model systems, chiefly
Arabidopsis, has identified a core set of transcription
factors, LEAFY COTYLEDON1 and LEAFY
COTYLEDON2, BABY BOOM, and members of the
WUSCHEL-related homeobox family, that are
individually sufficient to trigger ectopic embryo formation
when misexpressed and are required for normal embryo
patterning when lost, establishing them as central nodes
of the embryogenic gene regulatory network [7,8,9].
Conifer orthologues of several of these genes have been
cloned and shown to be expressed during somatic
embryogenesis, but comparative expression data linking
their dynamics directly to variation in maturation
efficiency between cell lines of the same species has
been limited, in part because most transcriptomic studies
of conifer somatic embryogenesis have profiled a single,
well-behaved line across development rather than
contrasting lines selected for divergent outcomes
[10,11].
A second strand of evidence implicates auxin gradients
and transport machinery in establishing the apical-basal
polarity that distinguishes a productive early embryo from
an unpatterned cell mass. Local auxin maxima generated
by polar auxin transport are required for embryo axis
formation in Arabidopsis, and exogenous auxin transport
inhibitors reliably block normal embryo patterning in both
zygotic and somatic systems across many plant lineages
[12,13]. Conifer somatic embryogenesis protocols
typically include a defined auxin pulse during the
induction and early proliferation phase, and anecdotal
reports from tree-improvement laboratories have long

suggested that lines failing to mature well often also
show abnormal or asynchronous early embryo
morphology, consistent with a patterning-stage rather
than a purely maturation-stage defect, though this has
rarely been tested directly at the transcriptional level in
side-by-side comparisons of contrasting lines [14].
We set out to characterise, at high temporal resolution,
how the transcriptional programme of somatic
embryogenesis differs between a Norway spruce
embryogenic line selected for consistently high
maturation efficiency and a sister line from the same
breeding population that has persistently converted
poorly despite repeated attempts with standard
maturation protocols. Our specific aims were to build a
stage-resolved expression atlas spanning
proembryogenic proliferation through late maturation in
both lines; to identify the developmental transition, or
transitions, at which the two lines diverge most sharply at
the transcriptional level; and to nominate a compact set
of marker transcripts that a tree-improvement laboratory
could plausibly use to triage newly established
embryogenic lines before investing months in full
maturation trials.

2. MATERIALS AND METHODS

Work used two Norway spruce (Picea abies (L.) H.Karst.)
embryogenic cell lines, designated H and L, established
from open-pollinated seed of the same
breeding-population half-sib family and maintained under
identical proliferation conditions, selected respectively for
consistently high (H, historical maturation yield 38-52
cotyledonary embryos per gram fresh weight of tissue
plated) and persistently low (L, historical yield 1-4 per
gram) conversion across repeated maturation trials over
three years of routine laboratory use.

2.1 Tissue culture and developmental staging

Proembryogenic masses of both lines were proliferated
on half-strength Litvay medium supplemented with auxin
and cytokinin, then transferred to maturation medium
containing abscisic acid and an osmoticum following
standard protocols for Norway spruce somatic
embryogenesis. Five developmental stages were
sampled for each line: proliferating proembryogenic
masses (PEM, day 0 of maturation), early polarised
embryos (day 7), late embryos prior to cotyledon
emergence (day 14), maturing embryos with visible
cotyledon primordia (day 21), and desiccation-stage
mature embryos (day 35). Staging was confirmed by light
microscopy of a representative subsample at each
timepoint before the remainder was flash-frozen for RNA
extraction. Three independent biological replicates, each
derived from an independent proliferation subculture,
were collected per line per stage.

2.2 RNA extraction, library preparation and sequencing

Total RNA was extracted using a CTAB-based protocol
optimised for the polysaccharide- and polyphenol-rich
tissue typical of conifer embryogenic cultures, with
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quality assessed by capillary electrophoresis (RIN >= 7.5
for all samples retained for sequencing). Strand-specific,
poly(A)-selected libraries were prepared and sequenced
on an Illumina NovaSeq platform to a target depth of 30
million 150-bp paired-end reads per sample.

2.3 Read processing, quantification and differential expression
analysis

Reads were trimmed for adapter content and quality,
then pseudo-aligned to the Picea abies v2.0 reference
transcriptome using Salmon, with transcript-level counts
summarised to gene level. Differential expression across
the five-stage developmental series was tested within
each line using a likelihood-ratio test in DESeq2,
comparing a full model including developmental stage
against a reduced intercept-only model, with genes
called significant at FDR<0.01 and requiring a minimum
fourfold expression range across the series. Weighted
gene co-expression network analysis (WGCNA) was
applied to the line H expression matrix to group
significantly changing genes into temporal co-expression
clusters [15].

2.4 Orthologue identification and pathway annotation

Norway spruce orthologues of Arabidopsis
embryogenesis regulators (LEAFY COTYLEDON1,
LEAFY COTYLEDON2, BABY BOOM, WOX2, WOX8,
AGAMOUS-LIKE 15) and of the core late embryogenesis
abundant (LEA) protein families were identified by
reciprocal best BLAST hit against the Arabidopsis
proteome combined with manual curation of conserved
domain architecture using InterProScan,
cross-referenced against previously published conifer
orthologue assignments where available [11,16].

2.5 Statistical analysis

Between-line comparisons at matched developmental
stages used DESeq2 Wald tests with FDR correction.
Cluster membership overlap and gene ontology
enrichment within WGCNA modules were assessed
using a hypergeometric test against the full annotated
gene background. All statistical analyses were performed
in R version 4.3.

3. RESULTS

RNA sequencing of 30 samples (two lines x five stages x
three replicates) yielded a median of 34.2 million mapped
read pairs per sample. In line H, 6,847 genes met the
significance and fold-change thresholds for differential
expression across the five-stage developmental series,
organised by WGCNA into six temporal co-expression
clusters corresponding broadly to
proliferation-associated, early-patterning, mid-embryo,
and three sequential maturation-phase modules.
Principal component analysis of the full expression
matrix separated samples primarily by developmental
stage (PC1, 41% of variance) and secondarily by line
(PC2, 17% of variance), with the two lines most
transcriptionally similar at the PEM stage and most

divergent at the day 7 and day 14 timepoints.
Table 1. Fold-change in core embryogenesis regulator
transcripts across the proliferation-to-patterning transition.

Gene
PEM to day 7
(Line H)

PEM to
day 7
(Line L)

PEM to day
14
(Line H)

PEM to day
14
(Line L)

LEAFY COT
YLEDON1

18.4 5.2 24.1 11.6

LEAFY COT
YLEDON2

12.1 4.0 16.8 9.2

BABY
BOOM

9.6 2.8 13.2 6.1

WOX2 7.3 3.1 9.8 5.4

WOX8 4.2 2.0 5.9 3.3

AGAMOUS-
LIKE 15

3.6 1.8 5.1 3.0

Fold-changes are geometric means of three biological replicates;
all Line H vs Line L interaction terms significant at FDR<0.01.

The proliferation-to-patterning transition, sampled
between the PEM and day 7 timepoints, produced the
single sharpest expression change of the entire series in
line H. LEAFY COTYLEDON1 and LEAFY
COTYLEDON2 orthologues rose 18.4-fold and 12.1-fold
respectively, BABY BOOM rose 9.6-fold, and WOX2 rose
7.3-fold between PEM and day 7 in line H (all
FDR<0.001). Line L showed the same genes moving in
the same direction but at substantially reduced
magnitude: LEAFY COTYLEDON1 rose only 5.2-fold
and BABY BOOM only 2.8-fold over the equivalent
interval, roughly 30% and 29% of the line H response
respectively (line x stage interaction, FDR<0.001 for
both). Table 1 summarises fold-changes for the core
embryogenesis regulator panel in both lines across the
PEM-to-day-14 window.

Figure 1. Mean expression trajectories (normalised counts,
relative to each line's PEM baseline) of a representative
embryogenesis-patterning gene (LEAFY COTYLEDON1) and a
representative cell-cycle gene (cyclin B1) across the five sampled
developmental stages in lines H and L (n=3 biological replicates
per stage; shaded band shows SEM).

Consistent with a delayed or incomplete exit from the
proliferative state, line L retained significantly higher
expression of proliferation-associated cyclin and
cyclin-dependent kinase transcripts at day 7 and day 14
than line H at the matched stages (mean 2.4-fold higher
across a panel of eleven cell-cycle genes, FDR<0.01),
even though both lines had been transferred to identical
maturation medium at the same time. By day 21, cyclin
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expression had converged between lines, indicating that
line L eventually does exit proliferation, but roughly one
developmental stage later than line H, a delay that
appears to compound through the rest of the maturation
programme rather than being fully recovered (Figure 1).
Table 2. Peak expression of core LEA and storage-protein
genes at day 35 (line L relative to line H, %).

Gene family
Representative
gene

Line L peak
(% of Line H)

Peak timing
Line H

Peak timing
Line L

LEA group 1 PaLEA1a 48% Day 28 Day 35

LEA group 3 PaLEA3c 52% Day 31 Day 35

Dehydrin PaDHN2 55% Day 28 Day 35

12S storage globulin PaGLB1 40% Day 31 Day 35+

2S storage albumin PaALB1 45% Day 31 Day 35+

Late-stage maturation (day 21 to day 35) was dominated
in both lines by strong induction of late embryogenesis
abundant (LEA) protein and seed storage protein
transcripts, confirming that the core
desiccation-tolerance and reserve-accumulation
programme is qualitatively intact in line L. Quantitatively,
however, line L reached only 40-55% of line H's peak
expression across a panel of twelve core LEA genes at
day 35 (Table 2), and the induction kinetics were shifted
later, peaking at day 35 in line L versus day 28-31 in line
H based on interpolation between sampled timepoints.
Gene ontology enrichment of the WGCNA
maturation-phase clusters confirmed strong
overrepresentation of response-to-abscisic-acid, seed
maturation and water-deprivation-response categories,
with no evidence of a qualitatively distinct or missing
pathway in line L, reinforcing that the primary divergence
between lines originates earlier, at the
proliferation-to-patterning transition, rather than within
the maturation programme itself.

4. DISCUSSION

The central finding of this study is that the transcriptional
distinction between a high- and a low-converting Norway
spruce embryogenic line is established early, at the
proliferation-to-patterning transition, rather than during
the maturation phase where conversion failure is
conventionally scored. Line L's blunted and delayed
induction of LEAFY COTYLEDON, BABY BOOM and
WOX2 orthologues, together with its prolonged retention
of proliferation-associated cyclin expression, points
toward a failure to exit the proembryogenic proliferative
state cleanly and commit to embryo patterning on the
normal schedule, a mechanism that would not
necessarily be visible to a laboratory scoring only the
eventual, downstream maturation outcome. This
reframes low conversion efficiency as, at least
substantially, a patterning-stage phenomenon, consistent
with the angiosperm literature implicating LEAFY
COTYLEDON and BABY BOOM as gatekeepers of the
switch from vegetative or proliferative cell identity to
embryogenic fate [7,8].

That the maturation-phase LEA and storage-protein
programme was qualitatively intact but quantitatively
reduced and delayed in line L is, we think, best
interpreted as a downstream consequence of the earlier
patterning delay rather than an independent
maturation-specific defect. If fewer cells commit cleanly
to embryo identity at the correct developmental time, and
if that commitment happens on average one
developmental stage later than in a high-converting line,
then a smaller and later-arriving population of properly
patterned embryos would be expected to mount a
correspondingly smaller and later-peaking maturation
response when the whole culture is sampled in bulk,
exactly the pattern we observed. Single-embryo or
single-cell resolution profiling would be needed to
confirm this population-averaging interpretation directly,
since our bulk RNA-seq data cannot distinguish a
uniformly weaker response in every cell from a mixture of
normally patterning and non-patterning cells within the
same culture [17].
The auxin-responsive gene expression changes
accompanying the proliferation-to-patterning transition in
line H, and their attenuation in line L, are consistent with
a large angiosperm literature implicating
polar-auxin-transport-dependent local auxin maxima in
establishing embryo apical-basal polarity, and they
extend that framework to a gymnosperm system profiled
at the whole-transcriptome level across contrasting cell
lines rather than a single genotype [12,13]. Whether the
reduced auxin-responsive signature in line L reflects a
defect upstream in auxin transport or biosynthesis, or is
itself a downstream consequence of weaker LEAFY
COTYLEDON/BABY BOOM induction, cannot be
resolved from expression data alone; pharmacological
manipulation of auxin transport during the induction
phase in both lines, combined with embryo morphology
scoring, would be a direct way to test whether restoring a
normal auxin gradient in line L partially rescues its
patterning delay.
From an applied standpoint, the practical value of this
work lies in the marker panel it nominates. A laboratory
establishing a new embryogenic line currently has little
choice but to commit tissue to a full maturation trial,
typically five to six weeks, before learning whether the
line converts well, and lines are often maintained in
proliferation for months before that decision is made.
Sampling LEAFY COTYLEDON1, BABY BOOM and a
small cyclin panel at day 7 after transfer to maturation
medium, a single timepoint rather than the full
developmental series profiled here, might allow much
earlier triage of poorly converting lines, provided the day
7 signature generalises beyond the two lines studied
here. Validating this marker panel across a larger set of
independently established embryogenic lines, ideally
spanning a range of intermediate conversion efficiencies
rather than only the extreme high and low cases
contrasted in this study, is the clear next step before the
panel could be recommended for routine screening use
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[18].
The temporal resolution of five sampled stages, while
sufficient to localise the divergence between lines to the
proliferation-to-patterning window, is coarse relative to
the pace at which conifer embryo patterning actually
unfolds, and a denser sampling scheme spanning days 3
through 10 would likely refine the precise onset of the
LEAFY COTYLEDON and BABY BOOM induction delay
in line L beyond the day 7 snapshot reported here.
Two limitations bear on how these findings should be
generalised. First, both lines derived from the same
half-sib family, which controls for genetic background but
leaves open whether the same early-patterning
bottleneck operates in embryogenic lines from unrelated
families or in other conifer species with somewhat
different somatic embryogenesis protocols, such as
Pinus or Pseudotsuga. Second, bulk tissue sampling at
fixed developmental days, defined by time since transfer
rather than by a direct morphological readout at the
moment of sampling, means that some of the apparent
kinetic delay in line L could in principle reflect asynchrony
within the culture rather than a uniform shift in timing;
embryo-stage-matched rather than purely time-matched
sampling would sharpen this distinction in follow-up work.
A broader implication concerns how tree-improvement
programmes currently allocate effort across newly
established embryogenic lines. Because conifer breeding
populations routinely generate dozens to hundreds of
candidate lines from a single controlled cross, and
because each full maturation trial ties up culture vessels,
growth-room space and technician time for five to six
weeks, even a modest improvement in early triage
accuracy could meaningfully increase the number of
genotypes a programme can realistically screen per
breeding cycle. Our data suggest that this triage decision
could, in principle, be moved substantially earlier in the
pipeline than is current practice, from the end of
maturation back to a single sampling point roughly one
week into it, without requiring any change to the
induction or proliferation protocols already in routine use.
Whether that theoretical efficiency gain survives contact
with the practical realities of a working breeding
programme, including line-to-line variation in optimal
sampling timing, is a question we regard as worth
answering before the approach is recommended more
broadly. It is also worth noting that early triage of this
kind would not remove the need for eventual full
maturation and germination testing of any line advanced
beyond the screening stage, since factors specific to the
later stages of conversion, such as cotyledon number,
embryo vigour and germination synchrony, are not fully
captured by a transcriptional snapshot taken at day 7;
the marker panel is therefore best understood as a filter
that reduces the number of lines carried forward to full
trials, rather than a replacement for those trials.

5. CONCLUSION

Stage-resolved transcriptomic profiling of two Norway
spruce embryogenic lines with contrasting maturation
efficiency identifies the proliferation-to-patterning
transition, marked by induction of LEAFY COTYLEDON,
BABY BOOM and WOX2 orthologues and exit from
cyclin-driven proliferation, as the developmental step at
which a high- and a low-converting line diverge most
sharply, rather than the later maturation phase where
conversion failure is conventionally scored. The late
embryogenesis abundant and storage-protein maturation
programme was qualitatively intact but quantitatively
reduced and delayed in the low-converting line, a pattern
consistent with it being a downstream consequence of
the earlier patterning delay. A compact panel of markers
sampled at a single early timepoint, LEAFY
COTYLEDON1, BABY BOOM and a small cyclin gene
set, is proposed as a candidate tool for triaging newly
established embryogenic lines well before the five- to
six-week commitment required for a full maturation trial,
though this panel now needs validation across a larger
and more genetically diverse set of lines before routine
laboratory adoption. We are extending the present
comparison to a panel of twelve additional embryogenic
lines spanning a continuous range of historical
maturation yields, rather than only the extreme high and
low cases studied here, to test whether the day 7 marker
signature scales quantitatively with eventual conversion
efficiency. In parallel, we plan single-embryo resolution
profiling of line L cultures at the day 7 and day 14
timepoints to determine whether the population-level
expression delay reflects a uniformly weaker response
across all cells or a mixture of normally patterning and
arrested cells, a distinction with direct implications for
whether line L could in principle be rescued by selecting
a normally patterning sub-population rather than
discarding the line entirely.
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