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Seasonal cues influence several aspects of the secondary growth of tree stems, including cambial activity, wood chemistry, and
transition to latewood formation. We investigated seasonal changes in cambial activity, secondary cell wall formation, and
tracheid cell death in woody tissues of Norway spruce (Picea abies) throughout one seasonal cycle. RNA sequencing was
performed simultaneously in both the xylem and cambium/phloem tissues of the stem. Principal component analysis
revealed gradual shifts in the transcriptomes that followed a chronological order throughout the season. A notable
remodeling of the transcriptome was observed in the winter, with many genes having maximal expression during the coldest
months of the year. A highly coexpressed set of monolignol biosynthesis genes showed high expression during the period of
secondary cell wall formation as well as a second peak in midwinter. This midwinter peak in expression did not trigger lignin
deposition, as determined by pyrolysis-gas chromatography/mass spectrometry. Coexpression consensus network analyses
suggested the involvement of transcription factors belonging to the ASYMMETRIC LEAVES2/LATERAL ORGAN
BOUNDARIES and MYELOBLASTOSIS-HOMEOBOX families in the seasonal control of secondary cell wall formation of
tracheids. Interestingly, the lifetime of the latewood tracheids stretched beyond the winter dormancy period, correlating with
a lack of cell death-related gene expression. Our transcriptomic analyses combined with phylogenetic and microscopic analyses
also identified the cellulose and lignin biosynthetic genes and putative regulators for latewood formation and tracheid cell death
in Norway spruce, providing a toolbox for further physiological and functional assays of these important phase transitions.

Conifers are gymnosperm trees or bushes that dom-
inate vast areas in terrestrial ecosystems, especially in
the northern hemisphere, where they are widely uti-
lized for industrial purposes. Traditionally, conifers
have been used as a source of lignocellulose for the
production of biomaterials and pulp, but they recently
emerged as a major source of renewable raw material
for the production of liquid biofuels and other value-

added products (Ragauskas et al., 2014; Isikgor and
Becer, 2015). Conifers represent an evolutionarily
primitive branch of vascular plants and, therefore, also
are an attractive target for comparative evo-devo
studies of functional and genetic diversification
within higher plants.

The most striking differences between the woody
tissues of conifer and angiosperm tree species lie in the
anatomy and chemistry of the water-conducting xylem
tissues. Conifer wood consists mainly of tracheids that
operate in both water transport and physical support.
In the angiosperm lineage, these functions are divided
between two different cell types: the vessel elements
that are responsible for water conduction and the li-
briform fibers that give physical support to the stem.
The differentiation of conifer tracheids is a relatively
slow process; for instance, Norway spruce (Picea abies)
latewood tracheids have been reported to die 2 to
3 months after their formation (Dieset, 2011). Therefore,
the rate of conifer tracheid differentiation is more sim-
ilar to the slow differentiation rate of the angiosperm
fibers than to that of angiosperm vessel elements, which
differentiate and die within a few days (Courtois-
Moreau et al., 2009). This is not surprising, consider-
ing the common ontogeny of conifer tracheids and an-
giosperm fibers (Carlquist, 2001). Vessel elements
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appeared only after the split between the gymnosperms
and the angiosperms and were shaped by the require-
ment for rapid and efficient water transport capacity in
these elements, which subsequently became the only
bulk water-transporting elements of the angiosperms
(Sperry et al., 2006). In terms of the lignin composition
of cell walls, conifer tracheids are more similar to an-
giosperm vessel elements in that they are composed
mostly of guaiacyl-type lignin, whereas syringyl-
enriched lignin (S-type lignin) is deposited in the cell
walls of angiosperm fibers (Li et al., 2001). Therefore, it
seems that guaiacyl-type lignin is preferred in water
transport cell types, although a full understanding of
these aspects requires further studies. For instance,
several taxa that are more primitive than the conifers as
well as a few conifer species (yew plum pine [Podo-
carpus macrophyllus] and sandarac cypress [Tetraclinis
articulata]) contain S-type lignin (Weng and Chapple,
2010); therefore, the capability of the conifers to syn-
thesize S-type lignin remains elusive.

Another interesting aspect of xylem differentiation in
forest trees is variation in cambial activity throughout
the seasonal cycle of tree growth. In order to ensure
survival and productivity, perennials in temperate cli-
mates utilize cyclical environmental signals, such as
daylength and seasonal temperature patterns. The in-
fluence of seasonality can be observed readily in the
structure of wood as annual growth rings, whereby
xylem tissue forms earlywood early in the growing
season and latewood later in the season. Latewood
tracheids have smaller lumens, smaller radial diame-
ters, and thicker cell walls than earlywood cells
(Zimmermann and Brown, 1971). In addition, latewood
cells typically have a smaller cellulose microfibril angle,
providing mechanical stiffness to the wood (Anagnost
et al., 2002). Even though we now know a lot about the
seasonal aspects of conifer tracheid differentiation and
maturation, the genetic control of these processes is not
known. A better understanding of gene expression
profiles throughout the growing season would increase
our understanding of these seasonal processes, which is
important given their substantial impact on wood
properties and the subsequent utilization of wood.

Until recently, genomic analyses of conifers were
hindered by the large genome sizes and high hetero-
zygosity of coniferous species. For example, Norway
spruce has a genome size of 20 Gb (Nystedt et al., 2013),
which is 7 times the size of the human genome.
Therefore, candidate gene approaches have frequently
been undertaken to correlate gene expression to pro-
cesses such as wood formation (Kumar et al., 2009),
natural variation (Palle et al., 2011), and association
with woody traits (Beaulieu et al., 2011; Palle et al.,
2013) in various conifer species. It was only recently
that genome-wide analysis of gene expression became
possible in conifers, first using EST sequencing (Kirst
et al., 2003; Ralph et al., 2008) and later whole-genome
sequencing and RNA sequencing (RNA-Seq; Qiu et al.,
2013; Cronn et al., 2017; Jokipii-Lukkari et al., 2017).
Today, draft genome assemblies are available for four

conifer species: Norway spruce (Nystedt et al., 2013),
white spruce (Picea glauca; Birol et al., 2013), loblolly
pine (Pinus taeda; Neale et al., 2014), and sugar pine
(Pinus lambertiana; Stevens et al., 2016). Therefore, we
have an unprecedented opportunity to explore the
unique processes of conifer biology utilizing genome-
wide gene expression analyses.

In this work, we present data on the seasonal aspects
of tracheid differentiation and maturation using com-
prehensive RNA-Seq combined with anatomical and
chemical analyses of Norway spruce xylem tissues. We
identified the suite of Norway spruce gene families
involved in monolignol biosynthesis and polymeriza-
tion as well as tracheid cell death and identified po-
tential novel regulators of these processes. We also
show evidence of the viability of tracheids throughout
the winter period and propose some of the underlying
mechanisms associated with the extended lifespan of
these cells.

RESULTS

The Seasonal Cycle of Wood Formation

Cambial activity and wood formation of forest trees
are strictly controlled by seasonal variation in temper-
ature and daylength. In Norway spruce, the daily sum
of temperature is the most important cue for cambial
reactivation in the beginning of the growth season
(Sarvas, 1969), whereas daylength is more important in
influencing cambial dormancy at the end of the summer
and autumn (Heide, 1974). To study the underlying
molecular mechanisms, we collected stem samples
from a clonal collection of a single Norway spruce
genotype grown in northern Sweden throughout 1 year
for RNA-Seq and simultaneously characterized cambial
activity and wood properties in adjacent stem samples.
Anatomical inspection revealed that cambial activity
resumed after winter dormancy in mid-May, the for-
mation of thick-walled latewood cells could be ob-
served on July 11, and cambial activity declined from
August 8 onward (Fig. 1A; Supplemental Table S1).

The Woody Tissues of Norway Spruce Express a Large
Proportion of All Known Spruce Genes

For seasonal gene expression analysis, we collected
stem samples that were divided into two fractions: a
xylem sample, which consisted of the living tracheids,
and a cambium/phloem sample, which consisted of the
main part of the cambium as well as the functional
phloem. Altogether, the transcriptomes of 127 xylem
and cambium/phloem samples from 23 time points
(Fig. 1B) were sequenced successfully (average number
of biological replicates per time point = 2.95 [cambium/
phloem] and 2.83 [xylem]). The vast majority of RNA-
Seq reads were aligned uniquely to a gene model
(Supplemental Fig. S1). Out of the 70,736 annotated
gene models (Nystedt et al., 2013), 51.1% were
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Figure 1. Seasonal variation in cambial activity and wood formation on the anatomical and RNA-Seq levels during one year in
Hissjö, Sweden. A, Light microscopy sections from four different sampling dates representing different stages of cambial activity.
Viability of the cells was assessed by nitroblue tetrazolium (NBT) staining. Images were taken (from left to right) onMay 11, 2012;
June 13, 2011; July 11, 2011; and September 6, 2011. c, Cambium; ew, earlywood; lw, latewood; p, phloem; plw, latewood of the
previous growing season. Bars = 100 mm (first, third, and fourth images) and 200 mm (second image). B, Scheme of sample
collection. Green rectangle, Summer months June, July, and August; brown rectangle, autumn months September, October, and
November; blue rectangle, winter months December, January, and February; and yellow rectangle, spring months March, April,
andMay. C, PCA plot of the sequencing reads showing tissue type separation, the clustering of biological replicates, and the effect
of time in a three-dimensional space. Different sampling points are represented by letters from A to W. Cambium/phloem and
xylem samples are marked with green and magenta, respectively. A semantic summary (less than log10 P , 21.3) of GO term
enrichment for the genes with highest loadings is given next to each component (Comp.).

Plant Physiol. Vol. 176, 2018 2853



represented by transcripts. We detected fewer
expressed genes in the winter compared with the
summer, which resulted in a higher average gene ex-
pression in the winter compared with the summer
(Supplemental Fig. S2). We accounted for this in the
relevant analyses by requiring a fold change above the
level of this systematic effect.

A principal component analysis (PCA) plot of the
whole data set revealed a sequential order of the dif-
ferent samples, which corresponded to the chronolog-
ical order of sampling. The last sampling time of May
2012 clustered close to the first sampling point in June
2011, highlighting the cyclic nature of seasonal gene
expression patterns (Fig. 1C). Replicate samples clus-
tered together, and there was a clear separation be-
tween the samples derived from the xylem and the
cambium/phloem (Fig. 1C). In total, 3.1% of the
expressed genes were xylem specific (i.e. aligned reads
were derived only from xylem samples), whereas 1.6%
of the genes were expressed specifically in the cam-
bium/phloem samples (Supplemental Table S2).
Functional enrichment analysis of genes of high influ-
ence in the principal component loadings suggested a
strong influence of stimuli, such as temperature, on the
observed expression profiles, as the most enriched
Gene Ontology (GO) terms included response to stim-
ulus and response to temperature stimulus (Fig. 1C).

Hierarchical clustering of the genes revealed high
reproducibility of the gene expression data, with rep-
licate samples having consistent expression profiles
(Fig. 2). Distinct patterns of expression were observed
between the cambium/phloem and the xylem samples
(Supplemental Fig. S3, A and B). Hierarchical clustering
revealed clear seasonal patterns of gene expression.
While gene expression during the active cambial
growth (June to August) was quite consistent, a clear
shift in expression occurred in September. Furthermore,

a distinctive remodulation of the transcriptome could
be observed in winter, with many genes showing a
higher relative transcript abundance compared with
other seasonal time points. According to functional
enrichment analysis, the cambium/phloem winter-
specific genes were especially related to UV-B re-
sponse, tetrapyrrole metabolism, and carbohydrate
metabolism (Supplemental Fig. S4). Hierarchical clus-
tering of the samples and the genes confirmed the
seasonal patterning of gene expression with four high-
level clusters, which corresponded roughly to the active
cambial growth (May to August) in the cambium/
phloem, the active cambial growth in the xylem, the
winter season, and a cluster containing both spring and
autumn samples (Supplemental Fig. S3C). Interesting
differences were observed between the cambium/
phloem and the xylem samples in the beginning of the
2012 growing season in that the cambium/phloem
samples of May 2 and May 16 clustered together with
the samples from the active cambial growth period,
while the corresponding xylem samples clustered to-
gether with the earlier time points, suggesting earlier
reactivation of the phloem than the xylem
(Supplemental Fig. S3C).

Cambial Cell Expansion and Specification Are
Transcriptionally Reprogrammed prior to Cell Division at
the Start of the Growing Season

Cambial reactivation was investigated by analyzing
the expression of known marker genes for cambial cell
division, cell expansion, cambial derivative specifica-
tion, and dormancy (for gene identities and phylogeny,
see Supplemental Figs. S5–S9). The B-type cyclin ki-
nases (CDKBs) are associated specifically with the
progression of the cell cycle at the G2-to-M transition

Figure 2. Seasonal gene expression patterns in
woody tissues of Norway spruce. Hierarchical
clustering of genes is shown for all replicates
across one season. Samples are ordered by
sampling date. Expression values were library
size corrected and variance stabilized (;log2).
The legibility of the heat map was improved by
saturating the expression data between log2
values 3 and 10. The ribbon at the top of the
heat map indicates the tissue type: magenta for
xylem and green for cambium/phloem. Sam-
pling months are marked by colors below the
heat map: green, summer; brown, autumn;
blue, winter; and yellow, spring.
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(Porceddu et al., 2001) and are known to be highly
expressed in actively dividing cambial cells in Populus
spp. stems (Schrader et al., 2004; Li et al., 2009). Our
phylogenetic analysis identified three CDKB candidate
genes in Norway spruce, which all peaked in the be-
ginning of cambial growth in early May and declined
upon the cessation of cambial growth in late August
(Fig. 3A). The expression of a-expansins (EXPAs),
which aremarker genes for cell wall extension (Marowa
et al., 2016), started to increase from basal levels after
the February sampling (Fig. 3B), which was 2 months
ahead of the strong increase in the expression of the
CDKB genes. Similar to EXPA, a notable up-regulation
of the genesmarking early phloem differentiation (APL;
Fig. 3C) and early xylem differentiation (CNA/
ATHB15; Fig. 3D) was detected between the February
and March samplings. The biosynthesis of secondary
cell wall (SCW) components was examined via the ex-
pression of putative homologs of the Arabidopsis
(Arabidopsis thaliana) cellulose synthase genes CESA4,
CESA7, and CESA8 that have been associated specifi-
cally with the formation of the SCW (Endler and Pers-
son, 2011). The SCW CESA genes showed high
expression during the summer and were repressed in
late August, when cambial activity ceased, thereafter
remaining at almost undetectable levels throughout the
autumn and winter (Fig. 3F). The Norway spruce FT/
TFL1-LIKE2 gene (PaFTL2) is induced in needles and
shoots in response to short days and has been suggested
to be a repressor of growth (Klintenäs et al., 2012;
Karlgren et al., 2013). Based on our in silico validation

and expression data, two gene models of the Norway
spruce genome assembly version 1.0 represent different
regions of PaFTL2. These both had low expression in the
beginning of cambial growth but increased gradually,
reaching the highest expression on September 20, and
then decreased rapidly to a low level during the winter
and spring (Fig. 3E). Taken together, the marker gene
expression data suggest that the first processes to occur
in the cambial region after winter dormancy are cell
expansion and specification followed by cell division.

Expression Analysis Revealed the Core Set of Genes in
Lignin Biosynthesis and Polymerization

The dominating feature of wood formation is SCW
formation, which involves the action of a large number
of enzymes and transporters responsible for the bio-
synthesis and polymerization of cellulose, hemicellu-
lose, and lignin. Here, we focused specifically on the
biosynthesis of lignin, which in conifers is biochemi-
cally distinct from the angiosperm pathway. First, we
identified Norway spruce genes putatively involved in
monolignol biosynthesis and polymerization. Gene
models assigned to monolignol biosynthesis and po-
lymerization were derived from the ConGenIE data-
base (Sundell et al., 2015). A large number of gene
models were obtained for each associated gene family.
For example, there were 215 Norway spruce gene
models in the superfamily containing the Arabidopsis
p-coumarate 3-hydroxylase1 gene (C3H1). After

Figure 3. Phase transitions in cambial
growth and wood formation. Gene ex-
pression is shown for putative Norway
spruce marker genes of cambial activity
(CDKBs), cell expansion (EXPAs),
phloem (APL) and xylem (CNA) specifi-
cation, dormancy (FTL2), and SCW for-
mation (CESAs). Values are means 6 SE.
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removing gene models that had low annotation quality
or that were not expressed in any of the xylem samples,
a set of 88 genes corresponding to the different enzymes in
lignin biosynthesis and polymerization was obtained
(Supplemental Fig. S10). Hierarchical clustering analysis
throughout the seasonal cycle of cambial growth revealed
a clear cluster of 12 genes that correspond to enzymes for
all monolignol biosynthesis reactions characterized to
date (cluster 1; Fig. 4, A–C; Supplemental Fig. S10), sup-
porting the view that these genes function in the same
metabolic pathway. All enzymes were represented by a
single gene except for caffeoyl-CoA 3-O-methyltransfer-
ase (CCoAOMT) and cinnamate 4-hydroxylase (C4H),
each of which was represented by two genes
(Supplemental Figs. S11–S20). The genes in cluster 1 dis-
played high expression (variance stabilized transformed
[VST] expression . 7) throughout the summer until the
end of August, when expression declined rapidly (Fig.
4C). Interestingly, these genes showed a second, but
somewhat lower, expression peak in the middle of the
winter (Fig. 4C), which coincided with the lowest daily
mean temperature recorded during sampling (Fig. 4E). A
cluster of 16 genes (cluster 2; Fig. 4, A, B, and D) encoding
mainly LACs (Supplemental Fig. S21) and PRXs
(Supplemental Fig. S22) was found to be enriched for
genes that were homologous to Arabidopsis lignification-
related LAC11 and LAC17 (Zhao et al., 2013), supporting
their role in the oxidative polymerization of lignin. The
cluster 2 genes also were highly coexpressed, with a
constitutively high expression throughout the period of
active cambial growth and a low expression during
cambial arrest (Fig. 4D). Taken together, these analyses
identified a core set of genes representing candidates for
the enzymes responsible for lignin biosynthesis and po-
lymerization in Norway spruce.

The expression pattern of the core set of lignin biosyn-
thetic genes suggests that lignin polymerization is re-
stricted to the active growth period, while monolignol
biosynthesis also can proceed during the period of cambial
dormancy. To analyze how this affects the accumulation of
lignin, a chemical pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS) analysiswasperformed inboth
the living part of the year ring and the part of the year ring
with dead tracheids, whenever it was present. In the living
tracheids, the relative proportion of lignin was somewhat
stable during earlywood formation until the initiation of
latewood formation,when the relative proportion of lignin
dropped rapidly, followed by a gradual increase during
continued latewood maturation (Fig. 4F). The proportion
of lignin did not correlate with sampling time during
cambial dormancy (2012), suggesting that the observed
increases in the expression of lignin biosynthetic genes
were not associated with lignin accumulation.

Transcriptional Regulators of the Seasonal Control
of Lignification

The strict transcriptional coregulation of lignin bio-
synthetic genes during the seasonal cycle of cambial

activity implies a common transcriptional regulation of
gene expression. Transcriptional control of lignin bio-
synthesis is well established in the developmental
context (Vanholme et al., 2012), but very little infor-
mation exists on the transcriptional control of lignin
biosynthesis genes in response to seasonal changes. In
order to identify factors involved in such control, we
employed nine independent coexpression gene net-
work inferencemethods and aggregated them to form a
consensus network. The resulting network was subse-
quently filtered to retain the most supported edges,
connecting approximately 7,500 genes through approxi-
mately 10,000 links. In the coexpression network, a subnet
of 27 highly connected geneswas found to contain six out
of the 12 cluster 1monolignol biosynthetic genes (Figs. 5C
and 6B), one additional monolignol gene with a low ex-
pression level, two partial lignin biosynthetic genes, and
S-ADENOSYLMETHIONINE SYNTHETASE3 and IR-
REGULAR XYLEM7 genes, which are known to be in-
volved in SCW formation (Shen et al., 2002; Brown et al.,
2005). In addition, gene annotation enrichment analysis
showed that GO terms such as lignin metabolic process
and lignin biosynthetic process were statistically enriched
(P, 0.05) for the genes in the subnet. Based on a domain
pattern analysis conducted using the PlantTFcat tool (Dai
et al., 2013), we identified three genes encoding tran-
scription factors (TFs). These genes represented the
ASYMMETRIC LEAVES2/LATERAL ORGAN
BOUNDARIES (AS2/LOB) and MYELOBLASTOSIS
HOMEOBOX (MYB-HB) families (Fig. 5, B and C) and
had high sequence similarity with Arabidopsis AS2,
ATMYB16, and ATMYB20 (Supplemental Figs. S23 and
S24). They had relatively high betweenness centrality
values (the number of shortest paths passing through a
gene, where the shortest path is the smallest number of
edges connecting a pair of genes), indicating high cen-
trality in a network. The AS2 factor, MA_10434782g0020,
was expressed exclusively in xylem samples
(Supplemental Table S2), further supporting a specific
role for this TF in the seasonal control of lignin biosyn-
thesis. Most importantly, all three TF genes exhibited
similar annual expression patterns with the identified
monolignol genes (Figs. 4C and 5C).

The Formation of Latewood Tracheids

One of the most striking changes during the seasonal
cycle of secondary growth is the transition from early-
wood to latewood formation. In our seasonal series, the
transition to latewood formation varied between the
different replicate trees. Thick-walled latewood cells
were observed in NBT-stained light microscopy sec-
tions from July 11 onward but were observed only in
samples from all replicate trees fromAugust 1 (Fig. 6A).
When data from July 11 were compared with the pre-
vious sampling date (June 4), 719 genes were found
differentially expressed (adjusted P , 0.01) in xylem
samples (Fig. 6B). In turn, 546 genes showed differential
expression (adjusted P , 0.01) when samples
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Figure 4. Norway spruce monolignol genes showed expression peaks both in the summer and in the winter. A, Hierarchical clustering of all putative
monolignol, laccase (LAC), and peroxidase (PRX) genes identified based on the phylogenetic analyses and expression in xylem samples. The candidate
genes for lignin biosynthesis and polymerization were identified from clusters 1 and 2, respectively. B, Names of the genes in clusters 1 and 2. C andD,
Expression profiles of the genes in clusters 1 and 2. E, Daily mean temperatures of sampling dates in Umeå. F, Proportions of lignin6 SE in the part of the
year ring that contained living tracheids. The periods of earlywood (ew) and latewood (lw) formation are indicated. Dashed lines show the date for the
coldest sampling time point during the study period.
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containing latewood were compared with samples
without latewood between July 11 and July 25 (Fig. 6B).
The overlap between the two comparisons contained
79 genes (i.e. genes that were differentially expressed
with the same direction in expression change in both
comparisons; Supplemental Table S3). These genes
contained one A-type (MA_6619g0010) and one B-type
(MA_19215g0010) cyclin, which were both suppressed

during latewood initiation, and, therefore, could be
related to the suppression of cambial cell division.
Another interesting gene was an RNA-dependent RNA
polymerase (RDR; MA_10436273g0010), which is in-
volved in posttranscriptional gene silencing, based on
its closest homolog in Arabidopsis (AT4G11130;
RDR2). RDR may contribute to large-scale tran-
scriptome reprogramming that is neededwhen cambial

Figure 5. A subnet in the coexpression network connects several gene models related to cell wall formation and especially the
monolignol pathway. A, Location of the subnet in the coexpression network. B, Gene cluster containing several cluster 1 lignin
biosynthetic genes. The size of the octagons represents the betweenness centrality value, while the color denotes neighborhood
connectivity (ascending from yellow to red). Double links indicate bidirectional edges. C, Expression profiles of the TF genes
implicated in the seasonal control of lignification. Values are means 6 SE.
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Figure 6. Onset of latewood formation inNorway spruce. A,Date of latewood onset andvariation among the three replicate trees for each time point. B, Venn
diagram showing the overlap between the results of two differential expression analyses (adjusted P, 0.01; 79 genes): the first time point when latewood cells
were observed versus the last sampling before latewood detection (640 genes) and samples containing latewood versus those without over the course of
latewood formation (467 genes; three samplings in July). C, GO term enrichment analysis of the common genes between comparisons.
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growth shifts from earlywood to latewood formation.
Also, several cell wall biosynthetic and auxin-related
genes were associated with latewood formation. This
was also apparent from the GO term analysis of the
overlapping set of genes (Fig. 6C).

The Lifetime of the Tracheids Varies According to
the Season

The last phase to occur during the seasonal cycle of
cambial growth is cell death of the tracheids. We used
NBT viability staining to define the occurrence of

tracheid cell death throughout the seasonal cycle. The
first dead earlywood tracheids were detected on June
13 (Fig. 7A), and all earlywood tracheids were deter-
mined to be dead on August 8. The latewood tracheids
did not die at the same speed as the earlywood tra-
cheids but remained alive even during the winter pe-
riod (Fig. 7, A and B). In February andMarch 2012, two
and one out of three replicate trees still had enzymati-
cally active latewood tracheids, respectively. Toluidine
Blue staining and electron microscopy (EM) analysis
confirmed these results (Fig. 7, C–E). The latewood
tracheids near the cambial area, cambial cells, as well as

Figure 7. The long lifespan of latewood
tracheids. A, Average amount (%) of vi-
able xylem tissue6 SE, defined based on
NBT viability staining, and average
width (mm) of earlywood and latewood
in sampled trees. B, Light microscopy
image of a transverse section collected
on March 27, 2012, and stained with
NBT. The viability is shown by the
presence of a pink/lilac precipitate that
is formed by succinate dehydrogenase
activity of living cells in the presence of
NBT. Enzymatic activity was observed
in several cell layers of the latewood. c,
Cambium; ew, earlywood; lw, late-
wood; p, phloem; r, ray. C, A Toluidine
Blue-stained section from March 27,
2012. D and E, Electron micrographs
showing latewood tracheids with intact
vacuoles in a sample collected May 2,
2012. Tonoplast is marked by the arrow.
v, Vacuole. Bars = 100 mm (B and C),
5 mm (D), and 2 mm (E).
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Figure 8. Norway spruce PaMC5, BFN, XCP, and CEP are strong candidate genes for executors of tracheid cell death. A, Hi-
erarchical clustering of genes putatively related to PCD selected based on phylogenetic analyses. The genes that were differ-
entially expressed (adjusted P, 0.01) during the appearance of dead earlywood cells (time point marked with the red arrow) are
written in boldface. The cluster containing homologs for Arabidopsis MC9, BFN1, and XCP genes is marked with the blue
rectangle next to the heatmap. Samplingmonths aremarked by colors below the heat map; green, summer; brown, autumn; blue,
winter; and yellow, spring. B, Seven out of eight genes in the identified cluster were connected in the coexpression network of the
spatial wood section series of the NorWoodWeb resource (threshold 3; http://NorWood.ConGenIE.org). PaMC5, BFN, XCP, and
CEP showed the strongest correlation in their expression. The gray and red lines indicate positive and negative correlations,
respectively. The width of the line is relative to the strength of the correlation. C, PaMC5, BFN, XCP, and CEP exhibited high
expression in the cell death zone (red rectangle) of the tangential wood sections of NorWood.
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ray cells of the annual ring formed in the previous
summer clearly showed cell contents in samples col-
lected between January and May 2012 (Fig. 7). The ex-
istence of membranous structures in latewood
tracheids of the contemporary annual ring also was
observed in the winters of 2013 and 2014 (data not
shown). OnMay 2, 2012,most of the latewood tracheids
appeared empty, but it was still possible to identify a
few latewood tracheids with intact tonoplasts (Fig. 7, D
and E).

To analyze the tracheid cell death process at the
molecular level, we identified Norway spruce gene
models for the homologs of endopeptidases, meta-
caspases, papain-like Cys proteases, and ribonucleases,
which all have been implicated previously in pro-
grammed cell death (PCD) of other plant species. From
the investigated 19 Arabidopsis genes (Supplemental
Table S4), we found clear homologs in Norway spruce
for all genes except XYLEM SERINE PEPTIDASE1
(XSP1; Supplemental Fig. S25).

When we analyzed gene expression in the period of
the first visual appearance of dead tracheids during
earlywood formation in June, 3,964 genes underwent a
significant expression change (adjusted P , 0.01;
Supplemental Table S5). Nine putative PCD genes
(Supplemental Figs. S26–S29) belonged to this group of
differentially expressed genes (Fig. 8A), encoding type I
and type II metacaspases, RESPONSIVE TO DEHY-
DRATION21A proteinase (RD21A), CYSTEINE EN-
DOPEPTIDASES (CEPs), XYLEM BARK CYSTEINE
PEPTIDASE3 (XBCP3), and class I RNASE (RNSI). The
strongest up-regulation was observed in the expression
of the AtMC9 homolog MA_10430487g0010. The cor-
responding transcript (comp95097_c0_seq3) was an-
notated previously as PaMC5 in the bioinformatic
analyses of Minina et al. (2013). We also cloned the
coding region of PaMC5. It was 1,023 bp long, which is
93 bp more than the gene model MA_10430487g0010.
The deduced amino acid sequence of PaMC5 differed
by one amino acid from the MA_10430487g0010 gene
model. We also found another putative AtMC9 homo-
log, MA_10433349g0010, by genome mining and
named it PaMC6. The deduced amino acid sequence of
MA_10433349g0010 has 77% identity with that of
PaMC5. However, the transcript of PaMC6 was not
amplified successfully from spruce wood cDNA, which
may be due to the rather low expression level in xylem
tissue (ConGenIE.org). When we analyzed the expres-
sion of the putative PCD genes by hierarchical cluster-
ing and used the NorWood data resource (http://
NorWood.ConGenIE.org; Jokipii-Lukkari et al., 2017)
based on the spatial wood section series of Norway
spruce, PaMC5 (MA_10430487g0010) clustered tightly
together with three other genes: putative XYLEM
CYSTEINE PROTEINASE (XCP), ENDONUCLEASE1
(ENDO1, also known as BIFUNCTIONAL NUCLEASE1
[BFN1]), and CEP homologs (Fig. 8). These genes
exhibited high expression, especially in the PCD zone of
the NorWoodwood series (Fig. 8C), strongly indicating
their importance in tracheid cell death.

DISCUSSION

Temperature and daylength are the two main factors
that influence seasonal patterns of secondary growth in
tree stems. Our transcriptome data set that spanned the
yearly cycle of secondary growth supported the im-
portance of stimuli, such as temperature, in the seasonal
control of secondary growth (Figs. 1C and 2). These
data also support the fact that these external cues
influencing secondary growth are sensed directly in the
cambial tissues. A recent transcriptomic study identi-
fied photoperiod as the dominant driver of seasonal
gene expression variation in needles of Douglas fir
(Pseudotsuga menziesii; Cronn et al., 2017). Therefore, it
is possible that, even though both temperature and
photoperiod are important for all aspects of seasonal
growth control, cambial growth is affected to a greater
extent by changes in the ambient temperature than in
the photoperiod, while the opposite is true for the
growth of the shoots. This is supported by our data on
transcriptome reprogramming in the woody tissues,
which was not always gradual across the seasons, but
often abrupt, and therefore apparently more related to
changes in the temperature than in the photoperiod
(Fig. 2). Temperature has been recognized previously as
a key trigger during cambial reactivation (Sarvas, 1969;
Oribe et al., 2001) and latewood formation (Begum
et al., 2012) of conifer trees. Interestingly, both in our
data and in the Douglas fir needles (Cronn et al., 2017),
a large group of genes showed their annual expression
maxima during the winter. A similar phenomenon also
was observedwith some of the genes that are important
for heartwood formation in Scots pine (Pinus sylvestris;
Lim et al., 2016). This increase in the winter-time ex-
pression of genes could be due to enhanced gene ex-
pression during ambient temperatures that allow
transcription to occur, but it is also possible that post-
transcriptional regulation, such as changes in RNA
stability, affects transcript abundance during the win-
ter. The winter-specific genes of this study showed
functional enrichment of GO terms related to response
to UV-B radiation, a condition likely to occur during
late winter/spring in the northern hemisphere due to
ozone depletion (Sinnhuber et al., 2011). The winter-
specific transcriptome also indicated significant altera-
tions in metabolic processes, including the biosynthesis
of raffinose and starch degradation (Supplemental
Table S6), that are known to prevail during winter.

The Unique Features of Lignin Biosynthesis in
Norway Spruce

The transcriptome data and phylogenetic analyses
enabled us to identify a core set of monolignol biosyn-
thetic genes in Norway spruce (Fig. 4). These genes are
likely to correspond to enzymes having a major role in
the lignin biosynthesis of Norway spruce, but we can-
not exclude the presence of additional lignin biosyn-
thetic genes that were not identified here due to
expression in specific cell types. The Norway spruce

2862 Plant Physiol. Vol. 176, 2018

Jokipii-Lukkari et al.

http://www.plantphysiol.org/cgi/content/full/pp.17.01590/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01590/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01590/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01590/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01590/DC1
http://NorWood.ConGenIE.org
http://NorWood.ConGenIE.org
http://www.plantphysiol.org/cgi/content/full/pp.17.01590/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01590/DC1


genome is still somewhat fragmented, and additional
genes in lignin biosynthesis might appear along with
improved genome assembly. We also identified three
TFs, one AS2/LOB and two MYB factors, that, on the
basis of the coexpression pattern with the core set of
monolignol biosynthetic genes, seem to be involved in
the seasonal control of lignification (Fig. 5). The AS2/
LOB factor has high sequence similarity with Arabi-
dopsis AS2, which forms a protein complex with AS1 to
mediate the long-term repression of BREVIPEDI-
CELLUS/KNOTTED-LIKE FROM ARABIDOPSIS
THALIANA1, which, in turn, regulates lignin deposi-
tion in the stem (Mele et al., 2003; Lodha et al., 2013).
AS2 and AS1 act partially redundantly, and the dsl1-D
mutant of AS1 shows irregular lignification in stems
(Chalfun-Junior et al., 2005). One of the MYB factors
is a close homolog of ATMYB20, which has been
reported to be regulated by SECONDARY WALL-
ASSOCIATED NAC DOMAIN PROTEIN1, which is
one of the master regulators of SCW formation and
lignification in Arabidopsis (Zhong et al., 2008). In line
with our study, P. taeda PtMYB1, a homolog of
ATMYB20, has been suggested to regulate lignin bio-
synthesis based on its strong expression in differenti-
ating xylem and its ability to activate the transcription
of the Phe ammonia-lyase (PAL) promoter (Patzlaff
et al., 2003). The second MYB factor localizing with the
core set of monolignol genes in the coexpression net-
work is homologous to ATMYB16, which was not
connected earlier to the regulation of lignin biosynthe-
sis but, instead, to the regulation of cell shape
(Baumann et al., 2007) and cuticle formation (Oshima
and Mitsuda, 2013). Therefore, we identified two Nor-
way spruce TFs that were linked earlier in herbaceous
species to lignification and one that is a novel TF in this
process.
A striking feature in the expression of the monolignol

biosynthetic genes was the second peak in midwinter,
while the expression of genes putatively related to lig-
nin polymerization or secondary cellulose biosynthesis
remained at very low levels after the growing season.
The phenylpropanoid pathway is known to be stimu-
lated by low temperatures, although variation occurs
according to genes, species, and tissues (Cabane et al.,
2012). Low temperatures can cause excessive produc-
tion of harmful reactive oxygen species, and hydrox-
ycinnamic acids and esters are recognized as potent
antioxidants (Chen and Ho, 1997; Janas et al., 2000).
Phenolic compounds also have been suggested to
function as UV screens in land plants (Cheynier et al.,
2013). Indeed, UV-B-induced synthesis of soluble fla-
vonoids has been documented in Scots pine needles
(Schnitzler et al., 1997). Microscopy analyses in Scots
and loblolly pine also have indicated increased pro-
duction of cell wall-bound phenolic compounds, such
as 4-coumaric acid or lignin, upon elevated UV-B ra-
diance (Laakso et al., 2000). In this study, however, only
subtle changes in the abundance of lignin were ob-
served during the winter months, when the most
prominent increase occurred in the expression of

monolignol genes. Therefore, it seems possible that the
winter-time induction of phenylpropanoid pathway
genes contributes to protection against freezing or
UV-B radiance-induced stress by the production of
precursors of lignin.

Our analysis of the Norway spruce genome resulted
in the unexpected finding of genes associated with
S-type lignin biogenesis. Although some specific gym-
nosperm lineages produce significant amounts S-type
lignin, only traces of S units have been detected in
common softwood lignin (Baucher et al., 1998). There-
fore, it was previously considered unlikely that conifers
possess ferulate 5-hydroxylase1 (F5H) and caffeic acid
O-methyltransferase (COMT), which are required for
the production of sinapyl alcohol. However, we detec-
ted a COMT-like gene model (Supplemental Fig. S18)
that showed a highly similar expression pattern with
themajority of the identifiedmonolignol genes.COMT-
like sequences also have been found previously in Picea
sitchensis (Friedmann et al., 2007) and shown to be
up-regulated during lignin-forming conditions in
Norway spruce cell culture (Laitinen et al., 2017).
Furthermore, a loblolly pine O-methyltransferase that
was capable of methylating both caffeic acid and
5-hydroxyferulic acid and the corresponding CoA es-
ters was similar in sequence to angiosperm COMTs but
not CCoAOMTs (Li et al., 1997). This led to the proposal
that dual methylation pathways, operating both at the
acid and CoA ester levels, exist in loblolly pine xylem
(Li et al., 1997). It was also obvious from the metabolic
engineering of S-type lignin biosynthesis in radiata pine
(Pinus radiata; Wagner et al., 2015) that transformation
with the angiosperm F5H was sufficient for the syn-
thesis of S-type lignin in the transgenic pine tracheary
elements (TEs) and, therefore, that endogenous COMT
activities must exist in pine that are adequate to allow
the synthesis of S-type lignin. Therefore, the earlier
work combined with our transcriptomic and phyloge-
netic analyses support the capacity of at least some of
the conifer species to synthesize S-type lignin.

The Long Life of Spruce Latewood Tracheids

Earlywood and latewood tracheids both undergo
PCD at the end of theirmaturation. Previously, Norway
spruce tracheids were reported to die 1 to 3 months
after their formation (Dieset, 2011; Bollhöner et al.,
2012), and the last-formed one or two rows of latewood
tracheids of another conifer, Pinus strobus, were shown
to occasionally possess cellular contents even in Janu-
ary in Wisconsin (Murmanis and Sachs, 1969). We ob-
served that spruce latewood cells remained alive
substantially longer than this on the basis of both en-
zymatic activity assays and cellular morphology. Some
latewood cells adjacent to the cambium showed intact
vacuoles even until the beginning of the next growing
season in May. Therefore, the tracheids were not only
arrested in cellular autolysis but apparently still alive
and metabolically active. Previously, the aspect of
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overwintering xylem derivatives was studied only with
vessel elements of deciduous species. The earlywood
vessels of species such as Ulmus davidiana (Imagawa
and Ishida, 1972) and Aesculus hippocastanum (Barnett,
1992) were found to overwinter in an undifferentiated
state and continue development in the spring without
undergoing further division.

What might be the purpose of the long lifespan of the
latewood tracheids? One possibility lies in the poor
water transport capacity of the latewood tracheids. It
has been recorded that the earlywood of Douglas fir has
about 11 times the water conductivity of the latewood
and that 90% of the total water flow occurs through
earlywood (Domec and Gartner, 2002). Therefore, it
seems that latewood tracheids do not need to properly
control their demise and maybe even actively suppress
this process, which demands a lot of energy and strict
transcriptional and translational control. Another pos-
sibility is that it is important to keep living cells next to
the vascular cambium during the period of cambial
arrest. It is well established that several angiosperm
species, including Salix and Populus spp., form a
so-called terminal parenchyma layer in the secondary
xylem before resuming cambial arrest (Carlquist, 2001).
The purpose of this cell layer is not clear but could be
related to cross talk between cambial and xylem cells
during cambial reactivation. It is possible that spruce
and maybe other conifers retain the viability of at least
parts of the latewood tracheids for the same purposes.

Regulation of Tracheid PCD

Metacaspases are ancestral relatives of caspases, the
Cys-dependent Asp proteases that are central players in
the metazoan apoptotic pathway. Several Arabidopsis
metacaspases have been shown to be involved in stress
and hypersensitive response-related cell death (Watanabe
and Lam, 2005; van Baarlen et al., 2007; He et al., 2008;
Coll et al., 2010).AtMC9has been connected specifically to
cell death in various developmental processes, including
TE differentiation (Bollhöner et al., 2013; Olvera-Carrillo
et al., 2015).

Our combined phylogenetic and expression analyses
strongly indicate a role for PaMC5, the Norway spruce
homolog of AtMC9, in the PCD of tracheids. Upon in-
itiation of the anatomically determined death of the
earlywood tracheids, PaMC5 showed the strongest
up-regulation among the identified putative PCD
genes. We also successfully cloned the complete coding
sequence of PaMC5, facilitating future functional assays
of this gene. Previously, a spruce metacaspase gene,
mcIIPa (later named PaMC4; Minina et al., 2013), was
shown to be required for differentiation and cell death
in embryo suspensor (Suarez et al., 2004). In this study,
PaMC4 showed high and nearly constant expression in
xylem over the course of the year, suggesting that this
gene does not encode a protein that would be involved
in tracheid PCD or that its possible function in this
process is not controlled at the transcriptional level.

The expression of PaMC5 showed a strong positive
correlation with the Norway spruce genes ENDO1,
XCP, and CEP (Fig. 7). So far, functional evidence for
the control of TE PCD has been obtained only for
AtMC9, Zinnia elegans ZEN1 (the homolog of ENDO1),
and Arabidopsis XCP1 and XCP2. AtMC9 is involved
in degrading the vessel cell content postmortem (i.e.
after the rupture of the tonoplast; Bollhöner et al., 2013),
whereas the ZEN1 nuclease is required for the post-
mortem degradation of DNA in TEs (Ito and Fukuda,
2002). Arabidopsis XCP1 and XCP2 function both in
microautolysis and megaautolysis of vessel elements
(Avci et al., 2008). Also, AtMC9 and the Arabidopsis
XCPs and ENDO1 are highly coregulated (Olvera-
Carrillo et al., 2015). The observed coexpression
neighborhood and, more importantly, the expression
peaking in the PCD zone of the NorWoodwood section
series emphasize CEPs as novel candidates for execu-
tors of PCD in xylem cells. Thus far, CEP1 has been
found to be crucial for the degeneration of tapetal cells
and functional pollen formation (Zhang et al., 2014).

CONCLUSION

Our analyses provide new information about several
aspects of seasonality in the cambial growth of Norway
spruce. In the beginning of the growing season, cambial
cell expansion and cell specification preceded cambial
reactivation based on the transcriptome changes first on
the phloem side. Cambial reactivation was followed by

Figure 9. Marker genes define the main phase transitions during the
annual cycle of cambial growth in Norway spruce. The outermost and
second outermost rings indicate the transcript abundances in xylem and
cambium/phloem samples, respectively. The profiles represent the
means of the specific gene groups.
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activation of the complete program of xylem differentia-
tion, as shown by the simultaneous induction of genes
encoding cellulose and lignin biosynthesis as well as PCD
genes (Fig. 9). Transcriptomic changes were only subtle
during the periods of earlywood and latewood formation.
A rather sudden transcriptomic reprogramming coincided
with the loss of cambial activity at the end of the growing
season, when the expression of both cell division and xy-
lem differentiation markers decreased rapidly. Surpris-
ingly, the expression of the lignin biosynthetic genes
remained at a relatively high level during the period of
cambial arrest and showed even increased expression
during the coldest months of the winter. Also, a large
number of other genes showed high transcript abundance
at the same time. Another surprising finding during the
cambial arrest was the long lifetime of the latewood tra-
cheids: at least parts of the latewood retained viability
throughout the winter season, and living tracheids were
observed until cambial reactivation in the spring.
Transcriptomic changes in the described phase tran-

sitions of cambial growth provide information about
the underlying molecular mechanisms and point to
interesting candidate genes for future work. For in-
stance, the genes that were linked to the earlywood-to-
latewood transition as well as the seasonality of lignin
biosynthesis need further functional validation. The
extent and significance of the winter-time gene ex-
pression as well as the factors controlling latewood
tracheid viability are two other intriguing findings that
need further exploration.

MATERIALS AND METHODS

Plant Material

Samples were collected from clonally replicated 48-year-old Norway spruce
(Picea abies) trees of the genotype Z4006, which were used for Norway spruce
genome sequencing (Nystedt et al., 2013). The trees grew among other geno-
types randomly spread within a spruce plantation in Hissjö, Sweden
(63°5595099N, 20°0894799E). The stem pieces were collected from three replicate
trees between spring 2011 and spring 2012 (Supplemental Table S7). During the
growing season, the sampling was conducted on a weekly basis, and it con-
tinued at least once per month outside of the active growing season (Fig. 1B).
The samples for EM were collected between January and May 2012, in January
and July 2013, as well as in January 2014.

Sampling of the Stem Material

A stem piece was collected from breast height of the stem in an area devoid of
damage or traumatic resin ducts (Supplemental Fig. S30). Before sampling, the
shearing forces of the stem were released around the stem piece by using a carpet
knife to cut deep into the wood around the sampling area. Then, the stem pieces,
including bark, phloem, cambium, developing xylem, and two to three year rings of
the previous years, were collected by placing a chisel at a 90° angle above the pieces
and hammering tangentially downward until the piece was released from the stem.
Separate sampleswere taken for RNA extraction andmicroscopy next to each other.
The pieces used for RNA-Seq were immediately flash frozen in liquid N2 and then
kept on dry ice until storage at 280°C. The stem pieces used for light microscopy
and EM were kept on ice until fixation for microscopy in the laboratory.

Light Microscopy

Cell viability was determined by NBT (Berlyn and Miksche, 1976; Gahan,
1984) staining. Cross sections of 20 to 30 mm were cut with a cylinder hand

microtome and incubated for 1.5 h in 50 mM sodium phosphate buffer (pH 7.6)
containing 50 mM sodium succinate and 500 mg L21 NBT under strong light
conditions. On March 27, fresh tissue samples also were stained in 0.05% To-
luidine Blue. All the sections were examined with an Axioplan 2 microscope
(Zeiss), and micrographs were captured with an AcioCam HRC camera. The
width of the living xylem (determined by the presence of blue precipitates) of
each tree was measured in at least three different loci of the xylem using Axi-
oVision LE software.

RNA Extraction and Sequencing

For RNA extraction from phloem, cambium, and the living part of the wood,
bark was removed from the stem pieces by peeling. A sample consisting of the
vascular cambium and the living part of the phloemwas scraped from the inner
surface of the bark. This sample is hereafter referred to as the cambium/phloem
sample. Subsequently, the exposed surface of the wood was collected by
scraping until the appearance of deadwood. This sample is hereafter referred to
as the xylem sample. The scraped material was homogenized to powder and
stored at280°C. Total RNAwas extracted with the cetyl-trimethyl-ammonium
bromide-based method (Chang et al.,1993) and purified with the RNeasy Mini
Kit (Qiagen) according to the manufacturer’s protocol. The RNA concentration
and puritywere measured by aNanoDrop 2000 spectrophotometer (NanoDrop
Technologies). The integrity of the RNA was analyzed on an Agilent 2100 Bio-
analyzer (Agilent Technologies).

RNA library preparation and subsequent sequencing were performed at the
SciLifeLab. Strand-specificRNA libraries for sequencingwere preparedwith the
TruSeq StrandedmRNASample prep kit of 96 dual indexes (Illumina) according
to the manufacturer’s instructions, except for the following changes. The pro-
tocols were automated in Agilent NGSworkstation (Agilent) using purification
steps as described by Lundin et al. (2010) and Borgström et al. (2011).

Clonal clusterswere generatedusing cBot (Illumina) and sequencedwith a 2x101
setup on HiSeq2500 (Illumina) according to the manufacturer’s instructions. Bcl-to-
Fastq conversion was performed with bcl2Fastq version 1.8.3 from the CASAVA
software suite. The quality scale was Sanger/phred33/Illumina 1.9.

Preprocessing of RNA-Seq Data and Differential
Expression Analyses

The data preprocessing was performed as described at 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/). The
residual rRNA contamination was assessed and filtered using SortMeRNA
(version 1.9; Kopylova et al., 2012), with settings -n 6 -a 8 -v, using the rRNA
sequences provided with SortMeRNA (rfam-5s-database-id98.fasta, rfam-5.8s-
database-id98.fasta, silva-bac-16s-database-id85.fasta, silva-euk-18s-database-
id95.fasta, silva-bac-23s-database-id98.fasta, and silva-euk-28s-database-id98.
fasta). Data were then filtered to remove adapters and trimmed for quality
using Trimmomatic (version 0.32; Bolger et al., 2014), with settings TruSeq3-PE-
2.fa:2:30:10 LEADING:3 SLIDINGWINDOW:5:20 MINLEN:50. After both fil-
tering steps, FastQC was run again to ensure that no technical artifacts were
introduced. Filtered reads were aligned to version 1.0 of the Norway spruce
genome (retrieved from the ConGenIE resource; Sundell et al., 2015) using
STAR (version 2.3.1e; Dobin et al., 2013), with nondefault settings –out-
ReadsUnmapped Fastx–alignIntronMax 11000. The annotations obtained from
the Norway spruce version 1.0 GFF file contain only one transcript per gene
model. 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 uniquemapping reads into
account. Statistical analysis of single-gene differential expression (DE) between
conditions was performed in R (version 3.2.3; R Core Team, 2015) using the
Bioconductor (version 3.3; Gentleman et al., 2004) DESeq2 package (version
1.10.1; Love et al., 2014). False discovery rate-adjusted P values were used to
assess significance; a common threshold of 1% was used throughout. For the
data quality assessment and visualization, the read counts were normalized
using a variance-stabilizing transformation as implemented in DESeq2. This
was run in a blind manner for the quality assessment but otherwise used the
model ; sampling + tissue, where sampling represents the date of sampling and
tissue represents either cambium/phloem or xylem. The biological relevance of
the data (e.g. biological replicate similarity) was assessed by PCA and other
visualizations (e.g. heat maps) using custom R scripts. For all subsequent ex-
pression analyses, which also were performed in R, the normalized read counts
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obtained from DESeq2 were used. The DE analysis for the death of the early wood
was performed for the xylem between the corresponding two time points (three
replicates each), modeling for the time of sampling. The DE analyses for the late
wood formation were performed for the xylem samples, first by modeling for the
time of sampling, comparing July 11 versus July 4 (three replicates each), and second
by modeling for the presence versus the absence of latewood in samples collected
from July 11 to July 25 (three sampling times, three replicates each); six versus three
samples, respectively. The R scripts to reproduce the analyses are available from
https://github.com/UPSCb/UPSCb/tree/master/manuscripts/Jokipii-Luk-
kari2017. An overview of the data, including raw and post-quality control read
counts and alignment rates, is given in Supplemental Table S8. For the heatmap and
the gene network inference, the datawerefiltered to remove lowly expressed genes,
provided that they did not have 10 reads in at least two replicates of any sampling.
Thiswas done independently by tissue, resulting in 32,830 common genes and 1,136
and 2,177 genes specific to cambium/phloem and xylem, respectively.

Gene Network Inference

Nine gene network inference methods were run: Anova (Küffner et al., 2012),
Aracne2 (Margolin et al., 2006), CLR (Faith et al., 2007), GeneNet (Opgen-Rhein and
Strimmer, 2007), GENIE3 (Huynh-Thu et al., 2010), NARROMI (Zhang et al., 2013),
Pearson, Spearman, and a modified implementation of TIGRESS (Haury et al.,
2012); their results were aggregated into a consensus network using the Top1
method (Hase et al., 2013). An assessment of the scale-free property of the consensus
network, fitting a heavy-tailed distribution using a log-log linear model, was per-
formed at several candidate thresholds in the range of 0.9999 to 1 with a step size of
1e-5. At the same steps, the network transitivity or average cluster criterion was
calculated. The best threshold was chosen at 0.99997 with an R2 scale-free fit of 0.95
and an average cluster criterion of 0.4. The obtained networkwas further visualized
and processed using the Cytoscape (Shannon et al., 2003) tool. The network was
further partitioned using Infomap (Rosvall and Bergstrom, 2008), with the param-
eters -z -i link-list–markov-time 0.01. Thesemethodswere combined into a software
utility suite named seidr (Schiffthaler et al., 2018).

PCA Loading Analysis

Using the modeled vst expression data, a PCA was performed using the R
prcomp function. The rotations (or loadings) from the first three components
were selected. All followed an acceptable Gaussian distribution. The genes
having rotations more extreme than the mean 6 3 SD of the corresponding
componentwere extracted. These three lists of geneswere then analyzed for GO
enrichment using ConGenIE.org (Sundell et al., 2015), and the enrichment re-
sults were summarized and visualized using REVIGO (http://revigo.irb.hr;
Supek et al., 2011) websites.

Analysis of Winter Genes

The filtered, modeled vst data were split by tissue and subjected to hierarchical
clustering. Amanual observation of the obtained dendrogram revealed five clusters
that we could assign as season specific for both tissues and that we designated as
Summer, Summer-early-late, Autumn, Winter, and Spring and as Summer-early,
Summer-late, Autumn, Winter, and Spring for cambium/phloem and xylem, re-
spectively. The season specificity of every gene was calculated using the tissue
specificity score, which ranged from 0 to 1, indicating ubiquitous to specific ex-
pression, respectively (Yanai et al., 2005). A total of 9,462 cambium/phloem and
9,546 xylem genes had their highest abundance in the winter. We observed a sys-
tematic pattern of fewer low-abundance genes and a set of consistently higher a-
bundance genes during thewinter comparedwith other periods (Supplemental Fig.
S2). To account for this, we only considered genes with a change greater than the
observed effect (log2 fold change. 2) as significantly different, resulting in 207 and
217 genes with a season expression specificity score. 0.6 in cambium/phloem and
xylem, respectively (Supplemental Table S6), of which 117 were in common. GO
enrichment analysis was performed as described above. The scripts for this analysis
are available in the above-mentioned Git repository as manuscripts/Jokipii-Luk-
kari2017/src/R/seasonalAbundanceEffectAssessment.html and manuscripts/
Jokipii-Lukkari2017/src/R/winterGenes.html.

FTL2 Gene in Silico Validation

Approximately 30% of annotated genes were predicted to be fragmented
across two or more scaffolds in the current spruce genome assembly (Nystedt

et al., 2013). A tBLASTn search against the Norway spruce genome assembly
(performed at ConGenIE; Sundell et al., 2015) using the Norway spruce FLT2 pro-
tein sequence (Nystedt et al., 2013) identified two genes: MA_720135g0010 and
MA_5386467g0010. Both genes are classified as medium confidence, a classification
that indicates that their respective sequence covers between 30% and 70% of an
existingprotein in theNationalCenter forBiotechnology Informationnonredundant
database (Nystedt et al., 2013), suggesting fragmentation of the FLT2 gene. Using
paired-end read alignments, where the forward and reverse reads of single paired-
end reads align to different scaffolds (reported as chimeric alignments by STAR),
there was evidence supporting a connection between the two identified scaffolds in
the genome assembly. This was further supported by the high correlation of ex-
pression (Pearson’s correlation of 0.97) between the two gene models.

Phylogenetic and Expression Analyses of Norway Spruce
Genes Putatively Related to Cell Division, Secondary Cell
Wall Formation, and PCD of Tracheids

tBLASTnsearchesusing theprotein sequencesofgenesknownor suggested tobe
involved in cell division (Porceddu et al., 2001), phloem and xylem differentiation
(Miyashima et al., 2013), cell expansion (Marowa et al., 2016), cellulose biosynthesis
of SCWs (Endler andPersson, 2011),monolignol biosynthesis (Vanholme et al., 2013;
Wang et al., 2014), polymerization (Gabaldón et al., 2005; Liang et al., 2006; Berthet
et al., 2011; Fernández-Pérez et al., 2015), and PCD (Ito and Fukuda, 2002; Turner
et al., 2007; Avci et al., 2008; Helm et al., 2008; Ondzighi et al., 2008; Ohashi-Ito et al.,
2010; Bollhöner et al., 2013) were performed against the v1.0 Gene Prediction and
contaminant-free Trinity Transcript Assembly databases at ConGenIE.org. Gene
familymembers of the identified genemodelswere extracted from the Gene Family
tab of a representative gene model per family in ConGenIE.org. Thereafter, the
nucleotide sequences of gene models and transcripts were aligned with corre-
sponding Arabidopsis (Arabidopsis thaliana), Populus trichocarpa, and Selaginella
moellendorffii nucleotide sequences in Clustal Omega (Sievers et al., 2011), and any
aberrant sequences (e.g. truncated or those missing conserved amino acids; Zhao
et al., 2000; Vercammen et al., 2004; Triques et al., 2007; Hillwig et al., 2010; Richau
et al., 2012; Supplemental Table S4) were manually identified and subsequently
discarded from further analyses.

The phylogenetic trees were created in Galaxy (Goecks et al., 2010), which
provides access to the genomes and associated annotations hosted at Plant-
GenIE.org. The PlantGenIEGalaxyworkflowwas constructed using the OSIRIS
suite (Oakley et al., 2014), allowing users to create phylogenetic trees with given
input sequences. The workflow utilized MUSCLE version 3.8.31 (maximum
number of iterations, 16) for multiple alignment and PhyML 3.1 (substitution
model, WAG; aLRT test, SH-like; tree topology search operation, Nearest
Neighbor Interchange) and Tree Vector for building and drawing phylogenetic
trees, respectively. In the case of lignin genes, the mapping of sequencing reads
derived from xylem samples was examined with Integrated Genomics Viewer
(https://www.broadinstitute.org/igv/), and only the genes showing expres-
sion in xylem were selected for further analyses. Subsequently, coregulation
and expression profiles of the putative Norway spruce orthologs were studied
with heat.map2 and the ggplot2 function in R, respectively.

Cloning of the AtMC9 Homolog, PaMC5

A sample representing the date when the first dead tracheids were observed in
maturing xylem was used for cloning. Total RNA was amplified with the Messa-
geAmpIIAmplificationKit (Ambion)andtranscribed intocDNAwithSuperScript II
Reverse Transcriptase (Invitrogen) from random hexamers. The primers used to
amplify the AtMC9 homolog were designed based on the transcript
comp95097_c0_seq3, showing the highest sequence similarity from the Norway
spruce sequences. The transcript was associated, along with two other mRNA se-
quences, to PaMC5 in the phylogenetic analyses of Minina et al. (2013). The coding
sequence of PaMC5 was amplified with primer pair 59-CACCATGGGCAA-
CAACGACAACAAGAAATAC-39 (forward, underlined bases added for direc-
tional cloning) and 59-TCAGTGCTTCGCGGAGTCCTCCTC-39 (reverse) using
Phusion High-Fidelity DNA polymerase in a two-step PCR with an extension
temperature of 72°C. The resultant PCR product was gel purified, cloned into the
pENTR/D-TOPO vector, and sequenced at Eurofins Genomics.

Chemical Analyses

After scraping the material for RNA sequencing, the dead earlywood of the
contemporary year ring was scraped for Py-GC/MS analysis, freeze dried, and
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ball milled with an MM400 mixer mill (Retch; 2 min, 30 Hz). Aliquots of RNA
sequencing samples (that represented the living part of the xylem) also were
included into the analyses.A total of 506 10mgof ball-milledwoodpowderwas
applied to a pyrolyzer equipped with an autosampler (PY-2020iD and
AS-1020E; Frontier Laboratories) connected to a GC/MS device (7890A/5975C;
Agilent Technologies). The pyrolysate was separated and analyzed according
to Gerber et al. (2012). The statistical analysis for the correlation between
sampling time and relative lignin content was analyzed by linear regression
using the lm function.

Transmission EM

The stem pieces for EM were fixed in 2.5% (w/v) glutaraldehyde in 0.1 M

cacodylate buffer overnight at 4°C. After washing three times for 10 min in the
buffer, the specimenswere postfixed in 1% (w/v) osmium tetroxide inwater for
2 h. The samples were dehydrated with 50%, 70%, 80%, 90%, and 100% ethanol
and infiltrated and embedded in Spurr resin. The ultrathin sections of 80 nm,
prepared as described by Bollhöner et al. (2013), were examined in a JEM
1230 (JEOL) transmission electron microscope. Micrographs were captured
with an MSC 600 CW (Gatan) camera.

Accession Numbers

The obtained RNA sequencing data were deposited to the European Nu-
cleotide Archive and are accessible under accession number PRJEB9578
(ERP010702). The nucleotide sequence of the PaMC5 coding region was de-
posited into the National Center for Biotechnology Information database under
accession number KP058500.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Alignment state of preprocessed reads for all the
libraries.

Supplemental Figure S2. Seasonal expression variability of mRNA.

Supplemental Figure S3. Companion heat maps to Figure 2.

Supplemental Figure S4. REVIGO Treemap of the cambium/phloem win-
ter gene GO enrichment.

Supplemental Figure S5. Phylogeny of CDKB genes.

Supplemental Figure S6. Phylogeny of EXPA genes.

Supplemental Figure S7. Phylogeny of the APL gene.

Supplemental Figure S8. Phylogeny of the CNA gene.

Supplemental Figure S9. Phylogeny of SCW CESA genes.

Supplemental Figure S10. Hierarchical clustering of genes putatively re-
lated to lignification based on their expression in xylem samples.

Supplemental Figure S11. Phylogeny of cinnamyl alcohol dehydrogenase
genes.

Supplemental Figure S12. Phylogeny of CCoAOMT genes.

Supplemental Figure S13. Phylogeny of cinnamoyl-CoA reductase and
CCR-like genes.

Supplemental Figure S14. Phylogeny of C3H1 and F5H genes.

Supplemental Figure S15. Phylogeny of the C4H gene.

Supplemental Figure S16. Phylogeny of 4CL and 4CL-like genes.

Supplemental Figure S17. Phylogeny of COMT and COMT-like genes.

Supplemental Figure S18. Phylogeny of the caffeoyl shikimic acid esterase
gene.

Supplemental Figure S19. Phylogeny of the hydroxycinnamoyl-CoA shi-
kimate hydroxycinnamoyl transferase gene.

Supplemental Figure S20. Phylogeny of PAL genes.

Supplemental Figure S21. Phylogeny of LAC genes.

Supplemental Figure S22. Phylogeny of PRX genes.

Supplemental Figure S23. Phylogeny of the AS2 gene.

Supplemental Figure S24. Phylogeny of MYB genes.

Supplemental Figure S25. Phylogeny of the XSP1 gene.

Supplemental Figure S26. Phylogeny of type I and type II metacaspase
genes.

Supplemental Figure S27. Phylogeny of papain-like Cys protease genes
CEP, RD21A, XCP, and XBCP3.

Supplemental Figure S28. Phylogeny of RNSI genes.

Supplemental Figure S29. Phylogeny of ENDO genes.

Supplemental Figure S30. Sampling of the trees.

Supplemental Table S1. Onset of earlywood cell death and latewood for-
mation.

Supplemental Table S2. Genes expressed only in specific tissues.

Supplemental Table S3. Genes putatively related to latewood formation.

Supplemental Table S4. PCD-related candidate genes used in this study.
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