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Abstract

Trees represent the largest terrestrial carbon sink and a renewable source of
ligno-cellulose. There is significant scope for yield and quality improvement in
these largely undomesticated species, and efforts to engineer new, elite varieties
will benefit from an improved understanding of the transcriptional network
underlying cambial growth and wood formation. We generated high-spatial-
resolution RNA Sequencing data spanning the secondary phloem, vascular
cambium and wood forming tissues. The transcriptome comprised 28,294
expressed, previously annotated genes, 78 novel protein-coding genes and 567
long intergenic non-coding RNAs. Most paralogs originating from the Salicaceae
whole genome duplication were found to have diverged expression, with the
notable exception of those with high expression during secondary cell wall
deposition. Co-expression network analysis revealed that the regulation of the
transcriptome underlying cambial growth and wood formation comprises
numerous modules forming a continuum of active processes across the tissues.
The high spatial resolution enabled identification of novel roles for characterised
genes involved in xylan and cellulose biosynthesis, regulators of xylem vessel
and fiber differentiation and lignification. The associated web resource
(AspWood, http://aspwood.popgenie.org) integrates the data within a set of
interactive tools for exploring the expression profiles and co-expression
network.
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Introduction

Trees dominate forest ecosystems, with the majority of biomass residing in the
wood of stems, branches and roots. Cambial growth (production of new
secondary phloem and xylem cells by periclinal divisions) and wood formation
(secondary xylem cell differentiation or xylogenesis) are initiated in the vascular
cambium meristem (hereafter, cambium), which forms a cylindrical sheath of
dividing cells within the stem (Barnett, 1981; Larson, 1994; Mellerowicz et al,,
2001). Inwards, the cambium forms secondary xylem (wood) and outwards,
secondary phloem cells are added to the growing stem. The cambium consists of
stem cells (also referred to as initials) and their dividing derivatives (also
referred to as xylem and phloem mother cells) (Johnsson and Fischer, 2016). The
stem cells retain the capacity to divide over long periods of time (stem cell
maintenance), whereas derivative cells divide over a few cell cycles. Before
terminal differentiation into specialized cell types, all xylem and phloem cells
undergo initial cell expansion and primary cell wall (PCW) biosynthesis.
Derivatives at the outer cambial face differentiate into the different cell types
forming the phloem, including sieve tube cells involved in long-range transport
of photosynthates, ray and axial parenchyma cells, including companion cells,
and phloem fibers with thickened and lignified cell walls (Evert and Eichhorn,
2006). In most angiosperm tree species, cambial derivatives on the xylem side
differentiate into four major wood cell types; fibers that provide structural
support, vessel elements for water and mineral transport, axial parenchyma cells
for storage, and ray cells involved in radial transport and storage of
photosynthates. Formation of the secondary cell wall (SCW) and lignification
occurs in all xylem cell types. Vessel elements and fibers both undergo
programmed cell death (PCD), with death in vessel elements occurring earlier
than in fibers (Courtois-Moreau et al., 2009), while ray cells remain alive for
several years (Nakaba et al., 2012). Distinct markers defining sub-stages of the
differentiation processes are currently not available.

Transcriptomics and genetic analyses have been used to enhance our
understanding of the underlying molecular mechanisms of secondary growth
using Arabidopsis thaliana as a model system (Ruzicka et al, 2015; Fukuda,
2016). However, the small size and limited extent of secondary growth of A.
thaliana severely limit the spatial resolution at which SCW formation and
vascular development can be assayed. Additionally, the xylem fibers of A.
thaliana do not fully mature but stay alive even during prolonged growth, at least
in greenhouse conditions (Bollhdoner et al., 2012). Use of woody tree systems,
such as Populus spp., overcomes these limitations and transcriptomic analyses in
such species have enhanced our understanding of the molecular mechanisms
underlying cambial growth and wood formation. The first study of the wood
formation transcriptome was performed by Hertzberg et al. (2001) using cDNA
microarrays covering less than 10% of the Populus gene space (2,995 probes).
This study utilized tangential cryosectioning, as first described in Uggla et al.
(1996), to obtain transcriptomes from different stages of wood development.
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Subsequently, a number of similar studies were performed using microarrays
with higher gene coverage (Schrader et al., 2004; Aspeborg et al., 2005; Moreau
et al., 2005; Courtois-Moreau et al,, 2009) and, recently, RNA-Sequencing (RNA-
Seq) (Immanen et al., 2016). However, earlier transcriptome studies of cambial
growth and wood formation in Populus were limited to specific wood forming
tissues using supervised approaches, i.e. samples were collected on the basis of
visual anatomical assessment during sectioning.

The availability of RNA-Seq methodologies enables transcriptome profiling with
higher dynamic range than was previously possible. Moreover, RNA-Seq does not
require prior knowledge of gene models and can be used to identify effectively
all transcribed loci in a sample (e.g. Goodwin et al. (2016)). The base-pair
resolution of RNA-Seq additionally enables differentiation of expression from
transcripts arising from highly sequence-similar paralogous genes or gene-
family members. This is particularly pertinent for studies within the Salicaceae
family, which underwent a relatively recent whole genome duplication (WGD)
event, with about half of all genes still being part of a paralogous gene pair in the
P. trichocarpa reference genome (Sterck et al., 2005; Tuskan et al, 2006;
Goodstein et al., 2012). Concomitantly, tools for analyzing expression data, such
as co-expression networks, represent increasingly powerful approaches for
identifying central genes with important functional roles (e.g. Mutwil et al.
(2011); Netotea et al. (2014)).

Here, we employed RNA-Seq to assay gene expression across wood-forming
tissues in aspen (Populus tremula). Cryosectioning was used to obtain a
continuous sequence of samples extending from differentiated phloem to mature
xylem with high spatial resolution (25-28 samples per replicate). This enabled a
continuous and unsupervised analysis of transcriptional modules, which were
assigned developmental context using functionally characterized genes. We
generated expression profiles for 28,294 previously annotated genes in addition
to de novo identification of 78 protein-coding genes and 567 long intergenic non-
coding RNAs. Co-expression network analysis was used to identify the 41 most
central transcriptional modules representing major events in cambial growth
and wood formation. Several modules could be related to discrete and well
described processes such as cell division, cell expansion and SCW formation,
while many other modules comprised genes with no characterised function. The
high spatial resolution of the data also enabled discovery of potentially novel
roles of well-characterised genes involved in cellulose and xylan biosynthesis,
regulators of xylem vessel and fiber differentiation and lignification. A majority
of paralogs derived from the Salicaceae WGD displayed distinctly different
expression profiles across wood formation. However, we found evidence
indicating that paralogs with conserved expression may have been retained to
achieve high expression during SCW formation. The data and co-expression
network are publically available in the AspWood (Aspen Wood,
http://aspwood.popgenie.org) interactive web resource, which enables
genomics analysis of cambial growth and wood formation.
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Figure 1. Hierarchical clustering of samples and genes across developing xylem and
phloem tissues. (A) Transverse cross-section image from one of the sampled trees (tree
T1). The strategy for pooling the samples for RNA-Seq is visualized by overlaying the
samples on the section (positions on the section are approximated). The color bar
below the image shows four sample clusters identified by hierarchical clustering (see
B). The color bar above the image shows the estimated tissue composition for each
sample. (B) Hierarchical clustering of all 106 samples from the four replicate trees
using mRNA expression values for all expressed genes. The four main clusters are
indicated with colors. (C) Heatmap describing hierarchical clustering of the 28,294
expressed annotated genes using mRNA expression values for all samples. Expression
values are scaled per gene so that expression values above the gene average is shown in
red, and below average in blue. Eight main clusters have been assigned colors and are
denoted a to h. (D) Average expression profiles in tree T1 for each gene expression
cluster and distinct sub-clusters (solid white lines). The expression profiles of all
individual genes assigned to each cluster is shown as grey lines in the background.

Results and Discussion

The AspWood resource: high-spatial-resolution expression profiles for
secondary growth

We have developed the AspWood resource, which contains high-spatial-
resolution gene expression profiles across developing phloem and wood forming
tissues from four wild-growing aspen (P. tremula) trees. The data was produced
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using RNA Sequencing (RNA-Seq) of longitudinal tangential cryosections (Uggla
et al., 1996; Uggla and Sundberg, 2002) collected from a small block dissected
from the trunk of 15-m high, 45-year-old clonal aspen trees during the middle of
the growing season (Table S1). We pooled sections (each 15-pm thick) into 25 to
28 samples for each replicate tree. The pooling was based on the estimated
tissue composition from anatomical inspection during sectioning (Figure 1A and
Table S2), with the aim of sequencing single sections across the cambial
meristem, pools of three sections across expanding and SCW forming xylem, and
pools of nine sections across maturing xylem. The last sample pool included the
annual ring from the previous year. Mature phloem sections were pooled into a
single sample. We mapped the RNA-Seq reads to the P. trichocarpa reference
genome (Tuskan et al.,, 2006; Wullschleger et al., 2013), and classified 28,294 in
the current annotation as expressed (Table S3). In addition, we identified novel
protein coding genes, long intergenic non-coding RNAs (lincRNAs) and other
gene fragments with undetermined coding potential, of which 78, 567 and 307,
respectively, were expressed (Table S4, S5 and S6). Hence these data expand the
P. trichocarpa annotated gene space with several new transcribed loci. The
transcriptome showed high diversity across the entire sample series (Figure S1),
with similar numbers of genes observed in all samples, both when considering
all expressed, annotated genes (range 21,592 to 25,743 genes) or when
considering those accounting for 90% of the expression (range 9,181 to 13,420
genes).

We have made the AspWood data available as an interactive web resource
(http://aspwood.popgenie.org), enabling visualization and exploration of the
expression profiles and providing the scientific community with the opportunity
to build and test hypotheses of gene function and networks involved in cambial
growth and wood formation.

Three transcriptome reprogramming events define cambial growth and
wood formation

To provide an overview of the expression dataset, we performed an
unsupervised hierarchical clustering analysis of all samples and annotated genes.
This identified four major sample clusters (denoted i, ii, iii and iv) defined by
three distinct transcriptome reprogramming events (Figure 1AB, Figure S2,
Table S2). These three events were assigned developmental context using
expression patterns of well-characterized genes that we designate as markers
for phloem differentiation (homolog of SUS6), cambial activity (PtCDCZ2), radial
cell expansion (PtEXPA1), SCW formation (PtCesA8-B) and cell death (homolog of
BFN1, see Figure S3 for profiles and documentation), which were further
supported by anatomical data (Figure 1A). The first reprogramming event (i/ii)
occurred between phloem and xylem differentiation, in the middle of the
and the onset of SCW formation. The final event (iii/iv) marked the end of SCW
deposition, demonstrating that the late maturation of xylem cells should be
considered a defined stage of wood development with a characteristic transcript-
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Figure 2. (A) Hierarchical clustering of genes across developing xylem and phloem tissues
with samples ordered according to sampling order for each of the four replicate trees. The
color bars indicate sample and gene clusters (see Figure 1). (B) Expression profiles of the
secondary cell wall CesA genes in all four trees (T1-T4). PtCesA4 (Potri.002G257900),
PtCesA7-A (Potri.006G181900), PtCesA7-B (Potri.018G103900), PtCesA8-A
(Potri.011G069600) and PtCesA8-B (Potri.004G059600).

ome. We have indicated these three transcriptome reprogramming events as
reference points (vertical dashed lines) in all expression profiles shown here and
in the AspWood resource (e.g. Figure 2).

We further used the hierarchical clustering to group genes, dividing the
transcriptome into eight major gene expression clusters denoted a to h (Figure
1C, Table S7). The expression clusters were highly reproducible in the four
replicate trees (Figure 2), demonstrating that there is tight genetic control of the
transcriptome throughout cambial growth and wood formation, even in a natural
forest setting. With the exception of cluster a, the gene expression clusters, or
sub-clusters, had distinct average expression profiles (Figure 1D). These profiles
revealed the major gene expression patterns underlying the three major
transcriptome reprogramming events identified from the sample clustering.

Co-expression network analysis reveals a continuum of transcriptional
modules across cambial growth and wood formation

To identify potential novel regulators of secondary growth, we constructed a co-
expression network (see Methods). The network connected pairs of genes with
high normalized co-expression (Z-score > 5) and included 14,199 of the 29,246
expressed genes. Genes were then ranked according to their centrality in the co-
expression network, i.e. the number of co-expressed genes in their network
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Figure 3. A modular version of the co-expression network. Genes with representative
expression profiles were identified in the co-expression network (at a Z-score threshold of
5) by iteratively selecting the gene with the highest centrality and a co-expression
neighborhood not overlapping with any previously selected genes” neighborhood. Only
annotated genes and positively correlated co-expression links were considered (i.e.
Pearson correlation > 0). The selected genes and their co-expression neighborhoods
(network modules) were represented as nodes in a module network, and given descriptive
names (Table S9). The nodes are colored according to the hierarchical clusters in Figure 1,
and reflect the proportion of genes in each network module belonging to the different
hierarchical clusters. The nodes were linked if the neighborhoods overlapped at a Z-score
threshold of 4. Link strengths are proportional to the number of common genes. Overlaps
of fewer than five genes were not represented by links, and only the 41 network modules
with at least 20 genes were displayed.

neighborhoods (Table S8). Transcription factors (TFs) were more central in the
network than other genes (P = 2e-5), and also had more sample-specific
expression profiles (i.e. pulse-like, narrow profiles with expression restricted to
a few consecutive samples, see Methods, P < 2e-16). Notably, several of the de
novo identified protein coding and lincRNA genes were highly central in the co-
expression network (Table S8) indicating that they may serve important
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functional roles in cambial growth and wood formation in aspen (Table S8).
However, compared to previously annotated genes, a higher proportion of novel
genes were not integrated into the network (~30% vs. ~50%), which might
reflect their evolutionary recent origin (i.e. low conservation, Table S8), as
suggested by Zhang et al. (2015). Such genes represent potential species- or
clade-specific adaptations and regulatory mechanisms.

To categorize the transcriptionally regulated biological processes in cambial
growth and wood formation, we utilized the co-expression network to identify
representative network modules (NMs) containing non-overlapping sets of
genes that were highly co-expressed with the most central genes in the network
(Figure 3). This unsupervised analysis relied only on the expression data and not
on anatomical annotations or genes with known roles and thus represents an
unbiased description of the central biological processes underlying cambial
growth and wood formation. We assigned putative biological functions to the 41
NMs containing at least 20 co-expressed genes by performing Gene Ontology
(GO) and Pfam (Protein family) enrichment analyses (Table S9, Figure 3). The
NMs provided a detailed view of the transcriptional program underlying cambial
growth and wood formation, revealing a far more fine-grained modularity than
was apparent from previous transcriptional studies. Noticeably, the different
NMs had distinct spatial expression domains that were distributed along the
entire sample series from phloem to the annual ring border. This indicates that
anatomical and histochemical markers that are often used to characterize
phloem and xylem development are a manifestation of a continuum of
transcriptional modules. We next used these NMs to provide developmental
context to the three major transcriptome reprogramming events identified by
the hierarchical clustering analysis (Figure 1).

We observed that genes within several NMs had expression profiles associated
with a single developmental process (17 NMs with single peaks). NM1 (Phloem
transport, Figure 3) contained genes associated with phloem identity and
differentiation, including homologs of ALTERED PHLOEM DEVELOPMENT (APL)
(Bonke et al.,, 2003), CLAVATA3/ESR-RELATED 41 (CLE41) (Hirakawa et al., 2008;
Etchells and Turner, 2010) and KANADI (KAN) (Emery et al., 2003; Ilegems et al.,
2010), and was enriched for genes involved in sucrose metabolism (see Table S9
for enrichment details and Table S10 of unique gene identifiers), including
homologs of SUCROSE SYNTHASE (SUS) 5 and 6, which are known to be phloem
expressed in A. thaliana (Barratt et al.,, 2009). Genes in this module had a distinct
expression peak in the beginning of the sample series, with expression almost
completely confined to sample cluster i (Figure 1), supporting functional roles in
phloem differentiation and activity. NM14 (Cell division regulation, Figure 3) was
enriched for the Pfam domain cyclin, known to be associated with the
progression of the cell cycle, as well as other cell division regulatory genes like
CELL DIVISION CONTROL 2 (PtCDCZ) (Espinosa-Ruiz et al., 2004). Expression of
genes in this module peaked where the hierarchical clustering indicated the first
transcriptome reprogramming event (i/ii), thus marking the cambium. NM15
(Cell expansion, Figure 3) was enriched for the Pfam domain pectate lyase, and
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included the alpha-expansin PtEXPA1, which has a demonstrated role in xylem
cell expansion (Gray-Mitsumune et al,, 2004; Gray-Mitsumune et al., 2008), and
the xylem-specific pectate lyase PtPL1-27 (Biswal et al., 2014). The expression of
this module was specific to sample cluster ii, consistent with genes in this
module functioning in xylem cell expansion. Finally, NM4 (Vesicle transport and
membrane trafficking, Figure 3) was enriched for genes involved in vesicle-
mediated transport, and included genes encoding components of the secretory
pathway and vesicle transport (e.g. SNARE-like, clathrin and coatomer). This
module had an expression profile spanning the entire sample series, but with a
clear expression peak where the hierarchical clustering indicated the second
transcriptome reprogramming event (ii/iif). This module points to the
importance of the secretion machinery at this stage of wood formation. Taken
together, these modules can be used to identify novel candidate regulators of
cambial activity and cambial derivative expansion and differentiation, in addition
to providing novel marker genes associated with the fine-scale expression
programs active during secondary growth.

We found that other processes of vascular differentiation were associated with
several different expression peaks (24 NMs with more than one peak).
Examination of both the hierarchical clusters and NMs identified co-expressed
gene sets with biphasic expression patterns (i.e. profiles with two peaks), likely
indicating that the same biological processes represented by these regulatory
modules were expressed in two population of cells during, for example, both
phloem and xylem formation. The phloem-xylem biphasic expression pattern
was exemplified by NM2 (Secondary cell wall biosynthesis), NM27 (S-lignin and
xylan biosynthesis) and NM35 (Lignin biosynthesis) (Figure 3), which included
SCW C(esAs, xylan and lignin biosynthesis genes. These modules had expression
profiles with a low peak in sample cluster i and a high, broad peak in sample
cluster iii, marking the biosynthesis of SCWs in both phloem fibers and xylem
cells. NM7 (Regulation of SCW biosynthesis, Figure 3) contained the three TFs
PtMYB20 (McCarthy et al., 2010), PtMYB3 and PtMYBZ21 (Zhong et al.,, 2013),
homologous to A. thaliana MYB46 and MYB83, which can induce ectopic SCW
formation. The module was characterized by a narrow expression peak marking
the initiation of SCW formation in the xylem and a lower narrow expression peak
on the phloem side, marking phloem fiber formation prior to visual
differentiation of these phloem cells into fibers. This expression pattern is
consistent with this module including regulatory switches that induce the
broader expression profiles of the structural genes in modules such as NM2, 25,
27 and 35, and is an example of the finding that TFs had significantly narrower
expression domains than other genes. Finally, NM34 (Senescence and
metabolism, Figure 3) was enriched for the Pfam domain late embryogenesis
abundant protein, and included a homolog of BIFUNCTIONAL NUCLEASE I
(BFN1), which has been implicated in the post-mortem destruction of dead
xylem vessel nuclei (Ito and Fukuda, 2002). This module had two narrow
expression peaks, one late in sample cluster iii, and the second late in sample
cluster iv. The decrease in expression of these two peaks coincides with the loss
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of viability in vessels elements and fibers, respectively (Table S2), thus marking
the border of living vessel elements and fibers.

Taken together, the NMs provided an unbiased framework enabling localisation
of biological processes during cambial growth and wood formation, and revealed
a greater complexity than had been realized on the basis of previous, lower
spatial resolution. While many of the NMs could be associated with known
processes, several remained poorly characterized and warrant future attention.
A notable feature of many of the network modules, and in particular the
uncharacterized ones, was the presence of two or three peaks of expression,
possibly representing biological processes active in different cell types or at
different stages during the differentiation of a specific cell type. The most central
gene(s) from each NM represent a novel resource of markers for the
transcriptional activity of the associated NM, and in cases where a NM can be
assigned a biological function, as markers for those biological processes.

Similarities in the regulation of early vascular differentiation in primary and
secondary meristems

To identify similarities between the regulation of primary and secondary
meristems during vascular development we examined the expression profiles of
genes homologous to known regulators of early vascular differentiation in A.
thaliana primary meristems. The two plasma membrane-associated proteins
OCTOPUS (OPS) and BREVIS RADIX (BRX) are expressed in procambium and
protophloem precursors, respectively, and are required for the correct
specification of protophloem cells (Scacchi et al., 2010; Truernit et al.,, 2012). In
sieve tube element precursors, the CLAVATA3/EMBRYO SURROUNDING REGION
45 (CLE45) peptide inhibits early protophloem development by signaling
through the LRR-RLK receptor BARELY ANY MERISTEM3 (BAM3) (Depuydt et
al, 2013; Rodriguez-Villalon et al., 2014). In support of these genes having a
similar role during secondary vascular development, we identified that the
closest homologs of OPS (PtOPSs, Table S10) were highly expressed across the
cambium, whereas genes homologous to BRX, CLE45 and BAM3 were highly
expressed in the differentiating phloem (sample cluster i, Figure 4A). Another
key gene in regulating phloem development encodes the MYB transcription
factor ALTERED PHLOEM DEVELOPMENT (APL) (Bonke et al.,, 2003). APL acts as
a positive regulator of phloem identity in A. thaliana, and apl plants show ectopic
xylem formation where phloem cells normally form (Bonke et al., 2003). APL and
the APL targets NAC45/86 have been shown to be highly expressed in
differentiating primary phloem (Furuta et al., 2014), and here we show that they
are also expressed in differentiating secondary phloem (Figure 4B). This
suggests that components regulating primary phloem development in A. thaliana
roots function similarly during secondary phloem development in tree stems.

Establishment of vascular tissues in the embryo and the periclinal cell division
activity of the root procambium in A. thaliana is regulated through the basic
helix-loop-helix (bHLH) transcription factors TARGET OF MONOPTEROS 5
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(TMO5) and LONESOME HIGHWAY
(LHW) acting downstream of auxin
signalling (Schlereth et al., 2010;
De Rybel et al,, 2013). TMOS5 and
LHW function as heterodimers,
and co-accumulation of their
transcripts in Xylem precursor
cells in root meristem is necessary
and sufficient to trigger periclinal
cell divisions of the adjacent
procambium cells (De Rybel et al,,
2013). This non-cell autonomous
stimulation of cell division activity
appears to act through local
biosynthesis of cytokinin by the
LONELY GUY3 (LOG3) and LOG4
(De Rybel et al., 2014; Ohashi-Ito et
al, 2014), which acts as a mobile
signal to promote periclinal cell
divisions in the procambium. We
found that although the closest
homologs of the TMO5 and LHW
genes (Table S10) had complex
expression patterns in the wood-
forming zone of aspen, high
expression of both  genes
intersected in the xylem expansion
zone (sample cluster ii, Figure 4C).
Likewise, the Populus LOG3/4
homolog PtLOG6 (Immanen et al,
2013) was highly expressed in this
region. Genes similar to
MONOPTEROS (MP/ARFS),
encoding an upstream regulator of
the TMO5-LHW dimer (Schlereth
et al, 2010), were expressed both
in the cambium and in the
expanding xylem. Taken together
the expression profiles of the
Populus homologs suggests that a
bHLH complex involving similar
components to that active in A.
thaliana roots likely regulate
periclinal cell divisions during
cambial growth in trees. Moreover,
as in A. thaliana roots, the
expression of LOG genes suggests a
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Figure 4. Similarities in expression patterns for
regulators of early vascular differentiation
between primary and secondary growth. (A)
Expression profiles for the homologs of OPS,
BRX, CLE45 and BAM3. PtOPS-A was highly
expressed in the cambium while PtBRX-A,
PtCLE45-A and PtBAM3-A were highly
expressed in the secondary phloem. (B)
Expression profiles for the homologs of APL and
NAC45/86. PtAPL and PtNAC genes were highly
expressed in the secondary phloem. (C)
Regulators of periclinal cell divisions.
Expression profiles for genes homologous to
MP, TMO5, LHW and LOG4 genes. High
expression levels for all genes overlap in the
expanding xylem. For the complete list of genes,
see Table S10.
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movement of cytokinins to stimulate cell divisions, in this case from the
expanding xylem to cambial cells.

Primary cell-wall-polysaccharide biosynthetic genes continue to be
expressed during secondary cell wall deposition in xylem tissues

In Populus xylem, primary and secondary cell wall layers have very different
polysaccharide composition (Mellerowicz and Gorshkova, 2012). The PCW layers
are abundant in pectins, such as homogalacturonan (HG) and
rhamnogalacturonan [ (RG-I), and they contain hemicelluloses such as
xyloglucan, arabinoglucuronoxylan and mannan. In contrast, the SCW layers are
rich in glucuronoxylan, and contain only small amounts of mannan. Cellulose is
an important component in both layers, but the proportion of cellulose is
significantly higher in SCW layers. These differences indicate that the cell wall
polysaccharide biosynthetic machinery undergoes significant rearrangement
during primary-to-secondary wall transition. The spatial resolution of AspWood
enabled us to characterize changes in the transcriptome that occurred
concurrently with this shift.

We identified the Populus genes encoding glycosyl transferases involved in the
biosynthesis of HG (Atmodjo et al,, 2011), RG-I (Harholt et al., 2006; Liwanag et
al, 2012), RG-II (Egelund et al., 2006), and xyloglucan (Cavalier and Keegstra,
2006; Zabotina et al., 2008; Chou et al, 2012) (Table S10). As expected, the
majority of these genes were highly expressed in primary walled cambial and
radially expanding tissues (sample cluster ii, Figure 5A). Interestingly, although
expression peaked before the onset of SCW deposition, a majority were also
significantly expressed during SCW deposition (sample cluster iii), suggesting
that there may be continuous biosynthesis of pectin and xyloglucan during SCW
biosynthesis. The incorporation of these polymers could still occur in the
primary wall layer, as suggested for xyloglucan in developing aspen fibers based
on immunolabelling localization patterns (Bourquin et al, 2002). Moreover,
transcripts of many enzymes involved in pectin metabolism such as pectate
lyases and pectin methyl esterases (PMEs) were abundant in the SCW formation
zone. Also transcripts of xyloglucan endotransglycosylases (XETs) were
abundant in this zone, in agreement with previous reports of XET activity
(Bourquin et al., 2002). This indicates a continuous metabolism of pectin and
xyloglucan during SCW formation. Interestingly, the pectin biosynthetic genes
PtGAUT1-A, PtARAD1-A, PtGALS2-A and PtGALS2-B had a distinct expression peak
in mature xylem (sample cluster iv, Figure 5A). The expression peaks of these
genes may correspond to the biosynthesis of protective and isotropic layers
deposited as tertiary wall layers after the deposition of SCW in the contact and
isolation ray cells, respectively (Fujii et al., 1981; Murakami et al., 1999).

A. thaliana SCW cellulose synthase complexes contain equimolar trimers of

CesA4, 7 and 8 (Hill et al, 2014), and Populus homologs forming similar

complexes have been identified (Song et al, 2010). In AspWood, the

corresponding transcripts showed a very specific expression pattern, marking
13
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Figure 5. (A) Expression profiles for pectin and xyloglucan biosynthetic genes. All genes
are highly expressed during primary wall biosynthesis, but also at later stages during
xylem development. i) representative expression for homogalacturonan biosynthesis genes
(illustrated by PtGAUT1-A), ii) expression pattern of PtGALS]1, iii) representative pattern
of other RG-I biosynthesis genes (represented by PtGALS2-A), and iv) representative
expression pattern for three of the putative xyloglucan biosynthesis genes (illustrated by
PtXXT1-B). For a list of identified putative pectin and xyloglucan biosynthesis genes see
Table S10. (B) Expression patterns for CesA genes. i) Members responsible for cellulose
biosynthesis in the secondary wall layers are all induced in SCW biosynthesis zones in the
xylem, and phloem (illustrated by PtCesA4) ii) Members classified as primary wall CesAs
typically peak in primary wall biosynthesis zone, but are also highly expressed during
later stages of xylem differentiation, (illustrated by PtCesA6-A), iii-iv) and some members
even peak during these later stages (illustrated by PtCesA3-C, and 6-F). For a complete list
of putative CesA genes see Table S10. (C) The GT43 gene family responsible for xylan
biosynthesis comprise three clades, A/B, C/D and E, each having different expression here
illustrated by i) PtGT43A4, ii) PtGT43C and iii) PtGT43E. Expression profiles support the
hypothesis that PtGT43A/B and PtGT43C/D are members of secondary wall xylan
synthase complex, whereas PtGT43E and PtGT43C/D are members of the primary wall
xylan synthase complex. For a complete list of genes co-regulated with the three clades of
GT43 genes, see Table S10.

the onset and end of SCW biosynthesis in the xylem (sample cluster iii), as well
as fiber differentiation in phloem (sample cluster i, Figures 2B and 5B). The
other CesA genes, homologous to A. thaliana “primary wall CesAs” (Kumar et al.,
2009), showed varied expression patterns, with the majority highly expressed in
the cambial and radially expanding tissues (Figure 5B), consistent with their role
in cellulose biosynthesis in PCWs. Interestingly, there were also PCW CesAs that
showed similar expression patterns as pectin and xyloglucan biosynthesis genes,
with high transcript abundances during SCW biosynthesis, bringing into
question their PCW specificity. A functional role for PCW CesAs during SCW
biosynthesis is supported by the presence of protein complexes containing both
PCW and SCW CesAs in xylem cells synthesizing SCW layers (Song et al.,, 2010;
Carroll et al,, 2012). Thus, what are referred to as PCW CesA genes might have a
more general role than previously thought, including the possibility that they
enter into complexes with SCW CesAs.

Arabinoglucuronoxylan of PCW layers and glucuronoxylan of SCW layers have
the same backbone of -1,4-Xylp residues, which is thought to be synthesized by
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a heteromeric xylan synthase complex in the Golgi (Oikawa et al., 2013). At least
three interacting glycosyltranferases (GT) of this complex have been identified,
i.e. one GT47 member (IRX10/10L) and two GT43 members (IRX9/9L and
IRX14/14L) (Jensen et al.,, 2014; Urbanowicz et al., 2014; Mortimer et al,, 2015;
Zeng et al., 2016). In Populus, IRX9 /9L function is performed by PtGT43A, B, or E,
and IRX14/14L function by PtGT43C or D (Lee et al,, 2011; Ratke et al., 2015). In
AspWood, expression of PtGT43A and B was almost identical and closely
resembled that of SCW CesAs, whereas expression of the genes encoding their
interacting partners PtGT43C or D was slightly different, with higher expression
in primary-walled tissues (Figure 5C). PtGT43E showed a very different
expression profile, with a broad expression peak in primary walled cells. These
observations support the recently suggested concept that separate primary and
secondary xylan synthase complexes exist, similar to primary and secondary
cellulose synthase complexes (Mortimer et al., 2015; Ratke et al.,, 2015), with
PtGT43E (IRX9L) and PtGT43C/D (IRX14) forming the primary xylan synthase
complex, and PtGT43A/B (IRX9) and PtGT43C/D (IRX14) forming the secondary
xylan synthase complex. Distinction between the expression patterns of
PtGT43A/B and PtGT43C/D in AspWood highlighted the high resolution of the
data and demonstrated the potential for both discovering new genes involved in
wood formation and refining the expression domain of known and novel genes.

Taken together, the expression profiles of the pectin, xyloglucan and cellulose
PCW biosynthetic genes suggest that the primary wall biosynthetic program is
not terminated at the onset of secondary wall biosynthesis. It rather continues in
the background of the more spatially confined expression of SCW genes such as
CesA 4/7/8 and PtGT43A/B. Indeed, when SCW deposition is terminated in long-
lived cell types such as parenchyma cells or gelatinous-fibers in tension wood, a
subsequently deposited layer containing pectin and xyloglucan can be observed
in these cells that resembles the PCW layer (Fujii et al., 1981; Murakami et al,,
1999; Mellerowicz and Gorshkova, 2012). Our analyses additionally revealed
that some genes of the SCW biosynthesis program are also active during the period
of PCW formation. This was exemplified by PtGT43C/D and its co-expression
network neighborhood, which included many proteins involved in general
cellular functions associated with cell wall biosynthesis, such as vesicle
trafficking, transport, sugar nucleotide metabolism and general cell wall
acetylation machinery (Table S10).

Spatially separated expression of phenoloxidases may enable site and cell
type specific lignification

Cell wall lignification results from the secretion of differently methoxylated 4-
hydroxyphenylpropanoids, called monolignols, which are radically oxidized by
cell wall resident phenoloxidases (laccases and peroxidases) to cross-couple the
monolignols into an insoluble polyphenolic polymer in the cell wall (Boerjan et
al,, 2003; Barros et al.,, 2015). In Populus, 92 genes encoding monolignol bio-
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Figure 6. Expression profiles of genes involved in the lignification of xylem cells. (A)
Hierarchal clustering and heatmap of the 59 monolignol biosynthesis genes expressed in
AspWood. Expression values are scaled per gene so that expression values above the gene
average are represented by red, and below average by blue. (B) Expression profiles of C4H
(Potri.013G157900), C3H (Potri.006G033300) and F5H (Potri.005G117500) homologs. (C)
Hierarchical clustering of the 34 expressed laccase phenoloxidases, and (D) expression
profiles of representative genes: homologs of LAC4 (Potri001G248700,
Potri.016G112100), LAC11 (Potri.004G156400) and LAC17 (Potri001G184300,
Potri.001G401300 and Potri.006G087100). (E) Hierarchical clustering of the 42 expressed
peroxidase phenoloxidases, and (F) expression profiles of representative genes: homologs
of PXR3 (Potri.003G214800), PXR25 (Potri.006G069600), PXR56 (Potri.007G122200) and
PXR72 (Potri.005G118700 and Potri.007G019300).

synthetic enzymes have been identified (Shi et al., 2010) (Table S10), of which 59
were expressed in AspWood (Figure 6A, Table S10). The lack of expression for
many monolignol genes may suggests that these are involved in the biosynthesis
of phenolic compounds other than wood lignin. About half of the expressed
monolignol biosynthetic genes had a bi-phasic expression profile, with a low
peak in the differentiating phloem (i.e. sample cluster i) and a high peak in the
maturing xylem (clusters iii), and with relatively high expression during late
xylem maturation (i.e. sample cluster iv, Figure 6AB). However, some were
expressed only in the phloem or in the late maturing xylem (Figure 6A).
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In Populus, 165 genes encoding phenoloxidases have been identified (Lu et al,,
2013) (Table S10). Both peroxidases and laccases have been shown to be active
in wood forming tissues of Populus and to be capable of polymerizing both
mono-methoxylated (guaiacyl G) and bi-methoxylated (syringyl S) monolignols
into lignin-like polymers in vitro (Christensen et al., 1998; Ranocha et al., 1999;
Sasaki et al, 2004; Sasaki et al., 2008). More recently, laccases LAC4/IRX12,
LAC11 and LAC17 (Zhao et al, 2013) were demonstrated to act redundantly
during vessel element and fiber lignification. Lignin formation has also been
shown to be dependent on the additive activities of multiple peroxidases,
including PXR2, PXR25, PXR71 and PXR72 in A. thaliana xylem (Herrero et al,,
2013; Shigeto et al., 2015) and the homolog of PXR3 in Populus (Li et al., 2003).
We found that 34 out 56 annotated laccases and 42 out of 109 peroxidases were
expressed in AspWood (Table S10), and that these genes generally had narrower
expression peaks than monolignol biosynthetic genes (p < 5e-5, Table S10,
Figure 6CD). The highest expression of most laccases occurred at different
phases of SCW formation (sample cluster iii), with some also having a lower
expression peak in the differentiating phloem (i.e. sample cluster i). Only three
peroxidases were co-expressed with laccases (Z-score threshold of five), with
most peroxidases being expressed in the phloem and/or the cambium (i.e.
sample clusters i and ii) and in the late maturing xylem (i.e. sample cluster iv,
Figure 6EF). While experiments in A. thaliana have suggested that laccases and
peroxidases act non-redundantly (Zhao et al., 2013), our data confirm that these
enzymes have clearly separate expression domains in aspen, and suggest that
laccases are primarily associated with lignification in the phloem and SCW
formation zone while the peroxidases primarily are associated with lignification
in the phloem, cambium and mature xylem.

Transcriptional regulators of wood development

The differentiation of xylem vessel elements and fibers is regulated by NAC
domain transcription factors (for reviews, see Zhong et al. (2006), Ruzicka et al.
(2015) and Ye and Zhong (2015)). In A. thaliana, VASCULAR-RELATED NAC-
DOMAIN 6 (VND6) and VND7 specify vessel element cell fate (Kubo et al., 2005;
Yamaguchi et al., 2008), while VND1 to 5 act upstream of VND7 in formation of
vessel elements (Endo et al., 2009; Zhou et al,, 2014). Xylem fiber differentiation
is mediated by SECONDARY WALL-ASSOCIATED NAC DOMAIN 1 (SND1) and
NAC SECONDARY WALL THICKENING PROMOTING 1 (NST1) (Zhong et al,
2006), with the NAC domain transcription factors SND2 and 3 also contributing
to fiber differentiation (Wang et al., 2013; Shi et al., 2017).

The P. trichocarpa homologs of SND/VND separate into five distinct phylogenetic
clades (Figure 7A). Within a given clade, paralogs were typically highly co-
expressed with one notable exception; members of the VND3-clade displayed
similar expression patterns to either the VND6- or SND2-clade genes (Figure 7A-
E). For members of the VND6-clade, expression peaked within the cell expansion
zone (sample cluster ii) and again further inwards, at the end of the SCW
formation zone (sample cluster iii, Figure 7E). Early expression of the VND6-
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Figure 7. NAC domain transcription factors are expressed in distinct patterns
corresponding to phylogenetic clustering. (A) Phylogenetic tree of Populus wood
associated NAC-domain transcription factors with homologs in A. thaliana. Colors indicate
co-expression. A. thaliana gene names in bold are used as clade names. (B) Expression
profiles of Populus SND2 (Potri.007G135300; Potri.017G016700) and SND3
(Potri.004G049300; Potri.011G058400) homologs compared to the VND3 homolog with a
similar expression profile (Potri.007G014400). (C) Expression profiles of Populus SND1
homologs (Potri.001G448400; Potri.002G178700; Potri.011G153300; Potri.014G104800).
(D) Expression profile of the Populus VND7 homolog expressed in AspWood
(Potri.013G113100; Potri.019G083600 is not expressed). (E) Expression profiles of Populus
VND6  homologs  (Potri001G120000;  Potri.003G113000; Potri.012G126500;
Potri.015G127400) compared to the VND3 homolog with a similar expression profile
(Potri.005G116800).

clade genes is in line with a role as vessel element identity genes, with cell fate
being specified at the onset of radial expansion. The continuous expression of
VND6-clade genes during SCW deposition is consistent with the suggested role of
these genes in SCW formation and cell death in vessel elements (Derbyshire et
al., 2015). While one of the Populus VND7-clade paralogs was not expressed in
our data, expression of the second VND7-clade paralog increased sharply in the
SCW formation zone (sample cluster iii, Figure 7D), overlapping with the inner
peak of the VND6 clade paralogs. The network neighborhood of the expressed
VND?7-clade paralog included a homolog of METACASPASE 9, which in A. thaliana
has been shown to participate in the autolysis of xylem vessel elements
(Bollhoner et al., 2013), as well as other genes (in total 77 genes at a Z-score
threshold of three) suggesting that maximal expression of VND7, and the later
peak in the expression profiles of the VND6-clade paralogs, marks the transition
from the SCW to the maturation phase in xylem vessel elements. Thus, the spatial
resolution of our sample series enabled us to define two clearly separated
expression domains in vessel element differentiation.
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Compared to the VND6-clade genes (Figure 7E), expression of the SND1-clade
genes was shifted slightly towards maturing xylem, but reached maximal values
before the transition into the SCW formation zone (i.e. sample cluster iii, Figure
7C). However, an almost perfect overlap with the SCW formation marker
PtCESA8-B was found for the expression patterns of the SNDZ2 paralogs (Figure
7B). Unlike the VND6-clade paralogs, both SNDI and SNDZ2 paralog expression
increased gradually from the cambium towards the phloem in sample cluster i,
indicating a role in SCW formation in phloem fibers. This suggests that the role of
SND1 and SNDZ paralogs is specific to fibers but that they do not discriminate
between phloem and xylem. As was the case for VND6/7-clade genes, some of
the SND1/2-clade genes also had two separate expression domains in the xylem,
with the inner peak of SND paralogs coinciding with the loss of viability of fibers.

Taken together, NAC domain transcription factors involved in xylogenesis were
expressed in four distinct domains. Early onset of expression of genes in both the
VNDG6 and SND1 clades in the cell expansion zone is in support of their role in the
specification of vessel elements and fibers, respectively. However, their
expression remained high during the entire SCW phase (sample cluster iii),
consistent with roles connected to the deposition of wall polymers and/or post-
mortem autolysis.

We explored whether 110 direct targets of the four SND1-clade genes were co-
expression neighbors in our network, including 76 genes identified as targets
using transactivation assays and chromatin immunoprecipitation (ChIP) in
protoplast-derived xylary tissue with a low degree of differentiation (Lin et al,,
2013) and 34 genes (hereafter, non-ChIP targets) identified as transactivation
targets based on different lines of experimental evidence (Ye and Zhong, 2015)
(see Table S10 for all target genes). Seventy-six of these 110 putative direct
targets of SND1 paralogs were expressed in AspWood, of which 68 (89%)
formed a connected co-expression network with the four SND1-clade paralogs
using a co-expression threshold of three (Figure S5). Interestingly, the majority
of the ChIP targets were negatively correlated with the SND1 paralogs (sub-
cluster II and III in Figure S5), indicating that SNDI-like transcription factors
likely suppress transcription of these targets.

Having established that the co-expression network predicts previously
characterised TF-target interactions, we subsequently analyzed network
neighborhoods of high centrality TFs with no currently known functional role
during wood formation (using Table S8). We focused on TFs in the hierarchical
clusters g and h, with expression profiles indicating a role in SCW formation
(Figure 1). While the most central TF in cluster g has a known role in wood
formation (homolog of SNDZ2), the second-most central TF is homologous to
Agamous-like 62 (AGL62). This gene has an essential role in seed development in
A. thaliana, where it is expressed exclusively in the endosperm (Kang et al,
2008). However, our data show that the homolog of this TF had a pronounced
expression profile in wood formation. A GO enrichment test of the network
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neighborhood identified enrichment for cellulose biosynthetic process (p < 0.05,
Z-score threshold of five). Interestingly, one of the AGL62 paralogs in Populus has
been linked to biomass yield in a GWAS study (Allwright et al., 2016). In cluster
h, the most central TF is also a known regulator PEMYB20 (homolog of MYB83),
while the second-most central TF is uncharacterized (Potri.006G208100), with
the network neighborhood being enriched for the GO category cell wall
organization or biogenesis. These two examples demonstrate the power of using
AspWood as a source for identifying novel regulators of cambial growth and
wood formation for subsequent downstream biological characterisation.

A majority of paralogs show differential expression during wood formation

In Salicaceae, a whole genome duplication (WGD) occurred relatively recently
(58 million years ago, Dai et al. (2014)). WGDs are believed to be a major
contributor to the evolution of novel function in genomes (reviewed in
Hermansen et al. (2016)), and to contribute to species diversification. Gene
duplicates resulting from WGDs, hereafter called paralogs, may evolve through
different processes; a) sub-functionalization, where the genes retain different
parts of the ancestral function, b) neo-functionalization, where one gene retains
the ancestral function while the other evolves a new function, or c) non-
functionalization, where one of the genes is eliminated by random mutations.
These processes may act both on protein function and on gene expression, with
regulatory divergence being particularly important for evolution of plant
development (Rosin and Kramer, 2009). A previous microarray study in Populus
covering 14 different tissues indicated that nearly half of the paralog pairs
have diverged in their expression (Rodgers-Melnick et al., 2012). We used our
RNA-seq data to map the regulatory fate of WGD derived paralogs in cambial
growth and wood formation. Of the 9,728 paralogous gene pairs identified in the
P. trichocarpa genome by sequence similarity and synteny (see Methods), 8,844
had at least one gene expressed in our data. Of these paralogs, 3,185 (36%) had
diverged regulation, as defined by their presence in different expression clusters
and by their expression correlation being below 0.5 (Figure 8A, Table S11A). An
additional 1,930 paralogs (22%) had only one gene expressed in our data. These
may represent cases of non-functionalization, or cases where one gene is
expressed in another tissue or condition. Paralogs with diverged expression
were often found to be enriched in spatially-adjacent cluster-pairs (e.g. present
in clusters g and d) (Figure 8A, Table S11B), but paralogs with more diverged
expression were also observed. For example, 1,163 paralogs (17%) had
negatively correlated expression profiles, of which 156 displayed mirrored
profiles (correlation < -0.50, see e.g. Figure 8B). Our estimate of regulatory
divergence can be considered conservative, representing cases where paralogs
display distinctly different expression profiles across cambial growth and wood
formation. However, the high spatial resolution of our dataset also enabled the
identification of far more subtle differences, such as the previously reported
differences in expression levels between CesA8-A and CesA8-B in secondary
phloem and xylem (both located in cluster g, Figure 8C (Takata and Taniguchi,
2015). While the processes of sub-, neo- or non-functionalization drive the
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Figure 8. WGD paralog expression. (A) Circus plot of regulatory diverged and conserved
paralogs. The clusters are ordered according to their peak of expression along the wood
developmental gradient. An additional cluster for genes not expressed (ne) in our data is
also added. Each cluster occupies a share of the circle’s circumference proportional to the
number of genes in that cluster belonging to a paralog pair. Paralogs expressed in two
different clusters are shown by links. The width of a link is proportional to the number of
paralogs shared between these clusters (i.e. diverged pairs). Only pairs in different clusters
and with an expression Pearson correlation < 0.5 were considered diverged. Links
representing more pairs than expected by chance (P < 0.0001) are colored in a darker tone.
The share of a cluster without links represents the proportion of paralogs where both
genes belong to that same cluster (i.e. conserved pairs). (B) Example of paralogs with
highly diverged profiles (correlation = -0.78): FAAH (fatty acid amide hydrolase,
Potri.005G070300 (cluster e) and Potri.007G098600 (cluster g)). (C) Previously published
real-time PCR data of CesA genes showed that PtCesA8-B (Potri.004G059600) was
expressed higher than PtCesA8-A (Potri.011G069600) in secondary phloem and xylem
(Takata and Taniguchi, 2015). Although these genes have highly similar expression
profiles (Pearson correlation = 0.93), and are therefore considered as conserved according
to our definition (both belong to cluster g), the data confirm the difference in expression
levels and show that even more subtle regulatory divergence can be detected in the
dataset. (D) The distribution of different gene sets among expression clusters: (blue) all
28,294 expressed, annotated genes in our data, (green) all 3,729 paralog pairs with
conserved expression (ie. in the same expression cluster), (red) 721 genes with high
expression (among the top 5% most highly expressed genes in our data; 1,413 genes) and
in paralog pairs with conserved expression.
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divergence of paralog pairs, the gene dosage balance hypothesis may explain
why some paralog pairs have retained similar expression profiles (Yoo et al,,
2014). Interestingly, a high proportion of the paralog pairs with similar profiles
were found among the 5% most abundant transcripts in our dataset (51%, p =
5e-92). In particular cluster g, including genes expressed during SCW formation
(sample cluster iii), contained a substantially higher fraction of such highly
expressed and regulatory conserved paralogs than other clusters (Figure 8D).
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This suggests that it has been advantageous for Populus to maintain higher levels
of certain genes involved in SCW formation than could be achieved by a single
ancestral gene copy. A second copy can also make the system more robust to
perturbations.

AspWood: a new reference resource for wood biology

The AspWood resource comprises high spatial resolution gene expression
profiles of the protein-coding and non-coding transcriptome underlying cambial
growth and wood formation in a model angiosperm forest tree, with sampling
extending from the phloem across the cambium and wood forming tissues to the
previous year’s annual ring. The associated web resource provides the scientific
community with an interactive tool for exploring the expression profiles and
their relatedness within the corresponding co-expression network. We used the
network to identify a continuum of transcriptional modules covering the entire
sample series, from which novel expression profiles that can serve as markers
for biological processes active during cambial growth and wood development
can be extracted. We also showed how the network can be used to identify
validated targets of transcription factors acting both as activators and
repressors, and demonstrated a strategy for identifying novel regulators of wood
formation. Finally, we demonstrated that the resource enables the discovery of
previously uncharacterised expression domains of well-studied genes, as well as
the identification of expression differences in highly sequence-similar paralogs
arising from the Salicaceae whole genome duplication. The AspWood resources
represents a new reference resource for wood biology, and a natural starting
point for designing functional experiments to further refine understanding of the
transcriptional regulation of ligno-cellulose production in trees.

Methods

Sampling and RNA extraction

Wood blocks were collected from four independent naturally growing P. tremula
clones (tree IDs T1, T2, T3 and T4) from Vindeln, north Sweden. Hand sections
were taken from freshly collected stem material for analysis of cell viability using
nitroblue tetrazolium (Courtois-Moreau et al, 2009). 15 micron thick
longitudinal sections were cut using a cryo-microtome (Uggla et al., 1996) and
stored at -80C. Cross-sections were taken during the process of sectioning and
imaged with a light microscope. These images were used to characterize the
different tissue types present. All cryosections were deemed to originate from
one of four developmental zones: phloem, cambium, early/developing xylem and
mature xylem. No obvious biotic or abiotic stresses were evident at the time of
sampling and anatomically discernible developing tension wood was avoided.
The total number of sections varied from 105 to 135 in the four different trees,
and covered the entire current year’s growth.
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Individual sections were thawed in QIAzol Lysis Reagent (Qiagen, Manchester,
UK) and homogenised using a Retsch mixer mill. Total RNA and small RNA were
extracted from section pools as indicated in Table S2. The miRNeasy Mini Kit
(Qiagen, Manchester, UK) was used for extractions. For Total RNA, one elution of
35 ul was made. For small RNA, two elutions of 25 pl each were made and
pooled.

Total RNA was quantified using a Nanodrop 1000 (Thermo Scientific,
Wilmington, USA) and quality was assessed using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, USA) using Pico chips (Agilent Technologies,
Santa Clara, USA). A 100 ng aliquot was used for amplification. If the volume of
the 100 ng aliquot was larger than 5 pl, it was dried using a speed-vac. In some
cases, less than 100 ng total RNA was available, in which case the maximum
possible amount was used. Total RNA was amplified using Ambion
MessageAmp™ Premier RNA Amplification Kit (Ambion, Thermo Scientific,
Wilmington, USA following manufacturer’s instructions. Using 100 ng of total
RNA as starting material, we obtained 10-63 pg of amplified RNA (aRNA). aRNA
was quantified using a Nanodrop and integrity checked using a Bioanalyzer with
Nano chips (Agilent Technologies, Santa Clara, USA). 2.5 pg of aRNA for each
sample was used for sequencing using 2x100 bp non-stranded reads on the
[llumina HiSeq 2000 platform, as detailed in Sundell et al. (2015). Raw RNA-Seq
data was wuploaded to the European Nucleotide Archive (ENA,
http://www.ebi.ac.uk/ena/): accession number ERP016242.

RNA-Seq preprocessing

The RNA-Seq data was analyzed using a previously developed pipeline for
quality control, read mapping and expression quantification (Delhomme et al,,
2014). Briefly, we used FastQC for quality control
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), STAR for read
mapping (Dobin et al.,, 2013), HTSeq for read counts (Anders et al., 2014) and
DESeq for (variance stabilized) gene expression values (Love et al., 2014). The P.
trichocarpa v3.0 genome and gene annotations were used (phytozome.org, v10)
(Goodstein et al.,, 2012). Samples T4-05, T4-09, T4-20 and T4-28 showed low
reads counts (Table S12A), while T3-17 was a clear outlier in a principal
component analysis (PCA) of all samples (Table S12B). T4-28 was the last
sample of T4 and was removed in subsequent analysis. The other four samples
were replaced by the average expression values of the two flanking samples. PCA
was performed using the R function prcomp.

To investigate whether the four trees were clonal replicates or not, a genotype
test was performed using Single Nucleotide Polymorphisms (SNPs) in all genes
from chromosome 1 in the P. trichocarpa genome assembly. RNA-Seq reads from
the four replicates, as well as for four different genotypes from an independent
experiment (control), were merged using samtools-1.3.1 mpileup (-d100000).
SNPs were called using bcftools-1.3.1 call (-v -c). A PCA plot was created from the
resulting variant call format file (vcf; Li et al. (2012)) using the R package
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SNPRelate-1.6.4 (Zheng et al.,, 2012). From the PCA plot it was clear that the four
trees were clonal replicates (Figure S6).

We also developed a pipeline for annotating novel protein coding genes and long
intergenic non-coding RNAs (lincRNA) using a combination of establish
annotation tools. We used PASA (Haas et al. (2003), 2.0.3, default settings) to
construct a reference database based on three assemblies: one de novo transcript
assembly using the Trinity de novo pipeline (Grabherr et al. (2011), r20140717,
settings: --min_kmer_cov 1 --normalize_reads --normalize_by_read_set) and two
genome guided assemblies using Trinity (Grabherr et al. (2011), r20140717,
settings: --genome --genome_guided_use_bam --genome_guided_max_intron
11000 --min_kmer_cov 1) and cufflinks (Trapnell et al. (2010), 2.2.1, settings: --1
24 library-type fr-unstranded -1 15000 --no-faux-reads). PASA reported 59 novel
protein coding genes as well as 21,938 Expressed Sequence Tags (ESTs)
assemblies with a CDS shorter than 40% of the mRNA length. To identify
intergenic RNAs, we removed any region overlapping known P. trichocarpa
genes (using bedtools (Quinlan and Hall, 2010), v2.19.1, settings: subtract -A).
This retained 53 protein-coding genes and 13,995 ESTs. Potential frame-shift
errors were identified using frameDP (Gouzy et al. (2009), 1.2.2, default settings)
and 672 full length sequences, with CDSs longer than 40% of the mRNA length
after correction, changed status to novel protein-coding genes. 816 ESTs with
only a start coding, only a stop codon or neither a start nor a stop codon were
classified as fragments. The remaining ESTs (12,507 assemblies) were classified
as lincRNAs.

Genes were classified as expressed if the variance stabilized gene expression
value was above 3.0 in at least two samples in at least three of the four replicate
trees. Furthermore, we only considered novel genes longer than 200 bp (see e.g.
Ulitsky (2016)). This resulted in 28,294 annotated genes, 78 novel protein-
coding genes, 567 lincRNAs and 307 fragments with expression during aspen
wood development.

Expression analysis

Samples were clustered using Euclidean distance in the R (R-Core-Team, 2012)
function hclust. Genes were scaled and clustered using Pearson correlation.
Ward’s method was used in both cases. Dendrograms and heatmaps were
generated using the R function heatmap.2 in the gplots library. Samples were
reordered within the dendrogram to best match the order in which they were
sampled using the R function reorder. Functional enrichment was tested using
Fisher’s exact test and false discovery rate corrected. Annotations were
downloaded from Phytozome (Goodstein et al.,, 2012).

To group paralogous genes, the primary protein sequence of 41,335 P.
trichocarpa genes (Phytozome, Goodstein et al. (2012)) were compared to each
other by an all-against-all BLASTP following by a Markov Clustering algorithm
(TribeMCL). Genomic homology was detected using i-ADHoRe 3.0 (Proost et al,,
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2012), using the following settings: alignment method gg4, gap size 30, cluster
gap 35, tandem gap 10, q value 0.85, prob cutoff 0.001, anchor points 5, multiple
hypothesis correction FDR and level 2 only true. Gene cluster pairs with
significantly many shared paralog-pairs (i.e. with one gene in each cluster) were
found by comparing the clustering to 10,000 randomly generating clusterings. A
circus plot was created using the R function circos in the circlize library.

Co-expression networks were inferred using mutual information (MI) and
context likelihood of relatedness (CLR, Faith et al. (2007)). The CLR algorithm
computes a Z-score for each gene pair by using the MI value to all other genes as
a null model. A co-expression network was constructed by linking all genes,
including annotated genes, novel protein-coding genes and IncRNAs, with a Z-
score above a given threshold. Our network approached scale freeness (i.e.
approached the degree distribution of a random scale-free network generated by
the Barabasi-Albert model (Barabasi and Albert, 1999)) at a Z-score threshold of
five, with higher thresholds not resulting in better approximations, and we
therefore used this threshold for most of the analysis in this paper. Links based
on MI values below 0.25 were deemed spurious and removed. We computed
gene centrality for each gene in the network, including degree (number of
neighbors), average neighborhood degree (the average degree of the neighbors),
betweenness (the probability that the gene is part of the shortest network path
between two arbitrary genes) and closeness (the shortest distance between a
gene and all other genes in the network). The expression specificity score of a
gene was calculated as the highest observed ratio between the average
expression within and outside a zone of consecutive samples. All zones
containing from three to 10 samples were considered and the final score was
calculated as the average of the highest score from each replicate tree. The
modular network was generated as explained in the figure text of Figure 3.

AspWood

A web resource was built to allow the community easy access to the expression
data (AspWood, http://aspwood.popgenie.org). The user can start with an
existing list of genes, create a new list by text search or select one of the pre-
computed clusters. The tool will generate a page for the selected gene list with
modules showing the expression profiles, the co-expression network, gene
information, functional enrichments and the heatmap. The co-expression
network is interactive and allows the user to explore the data further. The gene
list can be exported and used in tools throughout the PlantGenlE platform
(http://plantgenie.org, Sundell et al. (2015)). AspWood is built with HTML5 and
JavaScript for user interfaces, and PhP and Python for more advanced server side
functions.
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Additional figures and tables

Additional figures

Figure S1.

Plots showing the expression diversity across the sampled series. Sample colors
indicate the sample clusters from Figure 1B. (A) Box plots showing the
expression distribution in each sample. The boxes indicate upper/lower
quartiles (i.e. 25% of the genes are expressed higher/lower than the box) with
the horizontal lines marking the median (i.e. 50% of the genes are expressed
higher/lower than this value). The lines extending vertically from the boxes
(whiskers) indicate the maximum/minimum values excluding outliers. Outliers
(i.e. genes expressed more/less than 1.5 times the upper/lower quartile) are
plotted as open circles. (B, C) The number of genes in each sample expressed
above a threshold of 3 and 15, respectively. (D) The number of genes in each
sample accounting for 90% of the expression in that sample.

Figure S2.
The sample clustering in Figure 1B with visible sample names (see Table S2).

Figure S3.

Marker genes. Expression is shown with (A) the variance stabilized
transformation (VST) and (B) scaled counts per million (CPM, calculated as 2V°T,
scaled: mean centered and normalized by the standard deviation of each gene).
PtSUS6/Potri.004G081300: A. thaliana sucrose synthase (SUS) genes SUS5 and
SUS6 are known to be phloem localized (Barratt et al, 2009). The Populus
homologs of SUS5 and SUS6 peaked in the two or three outermost sections of the
single section series covering the cambial meristem, thus marking a phloem
identity to these samples. The pooled phloem sample, consisting of six to seven
section showed lower levels indicating that SUS5 and SUS6 expression decreased
in the older phloem tissues. Expression was shown for one SUS6 homolog
(PtSUS6). PtCDC2/Potri.016G142800: The dividing meristem was marked by a
set of cyclins typically known to be involved in the different stages of cell cycling.
These markers indicated that sample cluster i and ii from the hierarchical
clustering was split in the middle of the meristem. Expression was shown for
PtCDC2. PtEXPA1/Potri.001G240900: Cell expansion was marked by the Populus
alpha expansin (Gray-Mitsumune et al., 2004). The PtEXPA1 expression marked
the broader region covering both the phloem and xylem side, and decreased
sharply at the border to sample cluster iii. PtCesA8-B/Potri.004G059600: CesA4,
7 and 8 are well-described hallmark genes for secondary wall formation in xylem
cells (Kumar et al., 2009). The corresponding transcripts in aspen showed two
distinct peaks, one minor on the phloem side marking secondary wall formation
in phloem, and another major peak on the xylem side marking the bulk of
secondary wall formation in xylem vessels, fibers and rays. Expression was
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shown for PtCesA8-B. PtBFN1/Potri.011G044500: Vessel cells undergo cell death
before fiber cells. Xylem specific proteases and nucleases are responsible for the
autolysis of xylem cells following cell death were selected to mark the timing of
the cell death of fibers and vessel elements (reviewed by (Escamez and
Tuominen, 2014)). In aspen, a homolog of the A. thaliana bifunctional nuclease 1
(BFN1) protein showed two peaks of expression; one appearing at the end of
sample cluster iii and the other at the end of sample cluster iv. This corresponds
well with the locations of cell death, as estimated on the basis of the viability
assays of the xylem tissues (TableS2). Thus, the sharp decrease in the expression
of PtBFN1 marks the border of living vessel elements and fibers, respectively.

Figure S4.

The hierarchical clustering from Figure 1BC, but with samples ordered according
to sampling order for each of the four replicate trees and not according to
expression similarity. The four sample clusters identified in Figure 1B are
indicated by the color bar above the heatmap.

Figure S5.

Comparison of expression domains of proposed direct targets of the four SND1
paralogs in wood-forming tissues (Potri.011G153300, Potri.001G448400,
Potri.014G104800, Potri.002G178700). The heatmap shows expression profiles
of SND1s (in green) as well as proposed direct targets of these identified in
previous studies (in blue (Ye and Zhong, 2015) and black (Lin et al., 2013)).
Genes proposed as targets by both previous studies are in red.

Figure S6.

Genotyping. RNA-Seq reads from the four AspWood replicates, as well as from
four different genotypes from an independent experiment (controls), were used
to call SNPs for all genes on Chromosome 1 of the P. trichocarpa genome. A
Principle Component Analysis (PCA) showed that the four AspWood trees
(turquoise) were clonal replicates and that the controls (red) were not.

Additional tables

Table S1. Information about the sampled trees including height, diameter, age,
and sampling height.

Table S2. Anatomical characterization of each section in the sample series, and
description of pooling for RNA-Seq analysis. The colors indicate sample clusters
according to Figure 1B. Cell viability measurements are also indicated (purple
bars).

Table S3. Expression values for the 28,294 expressed, annotated genes (version
3 of the P. trichocarpa genome).
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Table S4. Expression values for the 78 expressed, novel protein-coding genes
identified in this study. Chromosomal positions in the P. trichocarpa genome is
also indicated.

Table S5. Expression values for the 567 expressed, long non-coding RNAs
identified in this study. Chromosomal positions in the P. trichocarpa genome is
also indicated.

Table S6. Expression values for the 307 expressed, transcript fragments
identified in this study. Chromosomal positions in the P. trichocarpa genome is
also indicated.

Table S7. All 28,294 expressed, annotated protein-coding genes with cluster
assignments according to the hierarchical clustering. Functional annotations are
from www.phytozome.net.

Table S8. Network centrality statistics for the genes in the co-expression
network at a co-expression threshold of five: 13,882 annotated genes (Sheet
named Annotated), 25 novel coding genes (Novel coding), 205 novel long non-
coding RNAs (Novel non-coding) and 87 transcript fragments (Novel fragments).
Each sheet includes columns for network statistics, expression specificity (see
Methods), Pearson correlations to the mean expression profiles of the gene
clusters  obtained by  hierarchical clustering and  annotations
(www.phytozome.net). A separate sheet contains the same information for genes
selected as representatives in the modular network (Annotated representative).
Finally, there is a sheet providing statistical associations observed in the
network (Statistics) and a sheet providing statistics on BLAST hit with E-value <
1E-10 to other species (BLAST).

Table S9. Central genes and enriched gene functions in the 41 network clusters.
Table S10. Complete lists of genes for the different biological stories.

Table S11. Analysis of WGD paralogs. (A) Expression correlation for all paralog
pairs, where at least one member of the pair was expressed in the section series.
(B) Numbers of pairs (with p-values) shared between the clusters. Table with the
number of diverged pairs after applying different correlation thresholds.

Table S12. RNA-seq data quality. (A) Read counts for each sample including the
number of raw reads and the number of reads after filtering, trimming and
alignment (in millions). (B) Principle Component Analysis (PCA) of all samples
based on the variance stabilized expression data.
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