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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 elite varieties will benefit from

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 of

Populus tremula. The transcriptome comprised 28,294 expressed, annotated genes, 78 novel protein-coding genes, and

567 putative long intergenic noncoding RNAs. Most paralogs originating from the Salicaceae whole-genome duplication had

diverged expression, with the exception of those highly expressed during secondary cell wall deposition. Coexpression

network analyses revealed that regulation of the transcriptome underlying cambial growth and wood formation comprises

numerous modules forming a continuum of active processes across the tissues. A comparative analysis revealed that

a majority of these modules are conserved in Picea abies. The high spatial resolution of our data enabled identification of

novel roles for characterized genes involved in xylan and cellulose biosynthesis, regulators of xylem vessel and fiber

differentiation and lignification. An associated web resource (AspWood, http://aspwood.popgenie.org) provides interactive

tools for exploring the expression profiles and coexpression network.

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) initiate 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 phloemcells 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 phloemmother 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 xylemandphloemcells 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, includingsieve tubecells 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 forwater andmineral 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,
with death in vessel elements occurring earlier than in fibers
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(Courtois-Moreau et al., 2009), while ray cells remain alive for
several years (Nakaba et al., 2012). Distinct markers defining
substages of the differentiation processes are currently not
available.

Transcriptomics and genetic analyses have been used to en-
hanceourunderstandingof theunderlyingmolecularmechanisms
of secondary growth using Arabidopsis thaliana as a model
system (Růžička et al., 2015; Fukuda, 2016). However, the small
size and limited extent of secondary growth of Arabidopsis se-
verely limit the spatial resolution at which SCW formation and
vascular development can be assayed. Additionally, the xylem
fibers of Arabidopsis do not fullymature but stay alive even during
prolonged growth, at least in greenhouse conditions (Bollhöner
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 andwood formation. The
first study of thewood formation transcriptomewas performed by
Hertzberg et al. (2001) using cDNAmicroarrays covering less than
10%of thePopulus gene space (2995 probes). This study utilized
tangential cryosectioning, as first described byUggla et al. (1996),
to obtain transcriptomes from different stages of wood de-
velopment. Subsequently, a number of similar studies were
performedusingmicroarrayswithhighergenecoverage (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 as-
sessment during sectioning.

The availability of RNA-seq methodologies enables tran-
scriptomeprofilingwithhigher dynamic range thanwaspreviously
possible.Moreover, RNA-seqdoes not require prior knowledge of
genemodels and can be used to identify effectively all transcribed
loci in a sample (Goodwin et al., 2016). The base-pair resolution of
RNA-seq additionally enables differentiation of expression from
transcriptsarising fromhighlysequence-similarparalogousgenes
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 Populus

trichocarpa reference genome (Sterck et al., 2005; Tuskan et al.,
2006; Goodstein et al., 2012). Concomitantly, tools for analyzing
expression data, such as coexpression networks, represent in-
creasingly powerful approaches for identifying central genes with
important functional roles (Mutwil etal., 2011;Netoteaetal., 2014).

Here, we employed RNA-seq to assay gene expression across
wood-forming tissues in four natural clonal copies of a wild-
growing aspen genotype (Populus tremula). Cryosectioning was
used to obtain a continuous sequence of samples extending from
differentiated phloem tomature xylemwith 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 previ-
ously annotated genes in addition to de novo identification of
78 protein-coding genes and 567 long intergenic noncoding

RNAs. Coexpression network analysis was used to identify the
41 most central transcriptional modules representing major
events in cambial growth and wood formation. Several modules
couldbe related todiscreteandwell describedprocesses, suchas
cell division, cell expansion, andSCWformation,whilemanyother
modules comprised genes with no characterized function. The
high spatial resolution of the data also enabled discovery of po-
tentially novel roles of well-characterized genes involved in cel-
lulose and xylan biosynthesis, regulators of xylem vessel and fiber
differentiationand lignification.Amajorityofparalogsderived 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 coexpression network are publically available in
the AspWood (Aspen Wood, http://aspwood.popgenie.org) in-
teractive web resource, which enables genomics analysis of
cambial growth and wood formation as well as evo-devo com-
parisons using a corresponding data set from Norway spruce
(Picea abies).

RESULTS AND DISCUSSION

AspWood: High-Spatial-Resolution Expression Profiles for

Secondary Growth

We developed the AspWood resource, which contains high-
spatial-resolution gene expression profiles across developing
phloem and wood-forming tissues from four natural clonal rep-
licates of a single, wild-growing aspen genotype (P. tremula). The
data were produced using RNA-seq of pooled longitudinal tan-
gential cryosections obtained as described by Uggla et al. (1996)
and Uggla and Sundberg (2002). The sections were collected
fromasmall blockdissected from the trunkof 15-m-high, 45-year-
old aspen trees during the middle of the growing season
(Supplemental Table 1). We pooled sections (each 15-mm thick)
into 25 to 28 samples for each replicate tree. The pooling was
based on the estimated tissue composition from anatomical in-
spection of cross sections obtained during sectioning (Figure 1A;
Supplemental Data Set 1) 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
sectionsacrossmaturingxylem.The last samplepool included the
annual ring from the previous year. Mature phloem sections were
pooled into a single sample.
P. trichocarpa split with P. tremula ;2.3 million years ago

(Wang et al., 2016) and is represented by a reference genome
(Tuskan et al., 2006;Wullschleger et al., 2013) that ismoremature,
higher quality, and better annotated than the currently avail-
able P. tremula draft genome (http://popgenie.org). We mapped
the RNA-seq reads to the P. trichocarpa reference genome and
classified 28,294 genes in the current annotation as expressed
(Supplemental Data Set 2). In addition, we identified novel
protein coding genes, putative long intergenic noncoding RNAs
(lincRNAs), and other gene fragments with undetermined coding
potential, of which 78, 567, and 307, respectively, passed our
expression filters (Supplemental Data Sets 3 to 5). Hence, these
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data identify novel expressed loci that are currently not annotated
in P. trichocarpa for which RNA-seq data from P. trichocarpa are
needed to confirm their expression in that species. The tran-
scriptome showed consistently high diversity across the entire
sample series (Supplemental Figure 1), with similar numbers of
genes observed in all samples, both when considering all ex-
pressed, annotatedgenes (range21,592 to25,743genes) orwhen
considering those accounting for 90% of the expression (range
9181 to 13,420 genes). Nonetheless, the total number of tran-
scribed mRNA molecules most likely varied along the sample
series, while, as with all RNA-seq studies, the expression values
were estimated relative to thenumber of readsobtained fromeach

sample. Consequently, the resulting expression profiles do not
necessarily reflect those of absolute transcript amounts. More-
over, each sample contained a mix of cell types (e.g., vessels,
fibers, and rays in xylem samples), and although we know the
approximate cell type composition of each sample, we do not
know which of these cell types were actively transcribing the
genes represented in our RNA-seq data. We caution readers to
consider these caveats when interpreting the expression
profiles.
We 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

Figure 1. Hierarchical Clustering of Samples and Genes across Developing Xylem and Phloem Tissues.

(A) Transverse cross-section image fromone of the sampled trees (tree T1). The pooled samples used for RNA-seq are visualized by overlaying themon the
transverse cross section (positions of the pooled samples 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 usingmRNA expression values for all expressed genes. The fourmain clusters are
indicated with colors.
(C)Heatmapdescribing hierarchical clusteringof the 28,294expressed annotatedgenesusingmRNAexpression values for all samples. Expression values
are scaled per gene so that expression values above the gene average are shown in red and below average in blue. Eightmain clusters have been assigned
colors and are denoted a to h.
(D)Averageexpressionprofiles in treeT1 for eachgeneexpressioncluster anddistinct subclusters (solidwhite lines). Theexpressionprofiles of all individual
genes assigned to each cluster are shown as gray lines in the background.
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scientific community with the opportunity to build and test hy-
potheses 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 data set, 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 tran-
scriptome reprogramming events (Figures 1A and 1B; Supplemental
Figure 2 and Supplemental Data Set 1). These three events were
assigned developmental context using expression patterns of well-
characterized genes that we designate as markers for phloem dif-
ferentiation (homolog ofSUS6), cambial activity (PtCDC2), radial
cell expansion (PtEXPA1), SCW formation (PtCesA8-B), and cell
death (homolog of BFN1; see Supplemental Figure 3 for profiles
and documentation), which were further supported by ana-
tomical data (Figure 1A). The first reprogramming event (i/ii )
occurred between phloem and xylem differentiation, in the
middle of the dividing cambial cells. The second event (ii/iii )
marked the end of cell expansion and the onset of SCW for-
mation. The final event (iii/iv) marked the end of SCWdeposition,
demonstrating that the late maturation of xylem cells should be
considered a defined stage of wood development with a char-
acteristic transcriptome.We indicated these three transcriptome

reprogrammingevents as referencepoints (vertical dashed lines)
in all expression profiles shown here and in the AspWood re-
source (e.g., Figure 2).
We further used the hierarchical clustering to group genes,

dividing the transcriptome into eight major gene expression
clusters with similar zones of expression (denoted a to h; Figure
1C; Supplemental Data Set 6). These eight clusters were further
subdivided into 16 subclusters, which, with the exception of the
four subclusters of cluster a, had distinct average expression
profiles (Figure 1D). These profiles revealed the major gene ex-
pression patterns underlying the three major transcriptome re-
programming events identified from the sample clustering. The
expression clusters were highly reproducible in the four replicate
trees (Figure 2), and as these were clonal replicates, this dem-
onstrates the relatively low environmental influence on the tran-
scriptome throughout cambial growth and wood formation, even
in a natural forest setting.

Coexpression 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 coexpression network (see Methods). The network
connected pairs of genes with high normalized coexpression
(Z-score > 5) and included 14,199 of the 29,246 expressed genes.
Genes were then ranked according to their centrality in the

Figure 2. The Expression Profiles Are Highly Reproducible across Trees.

(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).
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coexpression network, i.e., the number of coexpressed genes in
their network neighborhoods (Supplemental Data Set 7). Tran-
scription factors (TFs) weremore 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 thedenovo identifiedprotein codingand lincRNAgenes
were highly central in the coexpression network (Supplemental
Data Set 7), indicating that they may serve important functional
roles in cambial growth and wood formation in aspen. However,
compared with previously annotated genes, a higher proportion
of novel geneswere not integrated into thenetwork (;30%versus
;50%), whichmight reflect their evolutionary recent origin (i.e., low
conservation; Supplemental Data Set 7), as suggested by Zhang
et al. (2015), or reflect weaker genetic control over their expres-
sion. Such genes represent potential species- or clade-specific
adaptations and regulatory mechanisms.

To categorize the transcriptionally regulated biological pro-
cesses in cambial growth and wood formation, we utilized the
coexpression network to identify representative networkmodules
(NMs) containing nonoverlapping sets of genes that were highly
coexpressed (Z-score > 5) 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 andwood
formation. We assigned putative biological functions to the
41 NMs containing at least 20 coexpressed genes by performing
Gene Ontology (GO) and Pfam (protein family) enrichment anal-
yses (Supplemental Data Set 8; 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 ex-
pression domains that were distributed along the entire sample
series from phloem to the annual ring border. This indicates
that the five traditionally recognized, distinct wood differentia-
tion stages based on anatomical and histochemical markers
(Mellerowicz et al., 2001), i.e., cambial cell division, cell expansion,
secondary wall deposition, lignification, and cell death, 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 hi-
erarchical 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; to help
navigate themodular network, themodules are colored according
to their representation in gene clusters in Figure 1, with modules
containing genes specific to phloem differentiation [cluster b]
colored green, etc.) contained genes associated with phloem
identity and differentiation, including homologs of ALTERED

PHLOEMDEVELOPMENT (APL) (Bonke et al., 2003),CLAVATA3/
ESR-RELATED41 (Hirakawa et al., 2008; Etchells and Turner,
2010), and KANADI (Emery et al., 2003; Ilegems et al., 2010), and
was enriched for genes involved in sucrose metabolism (see
Supplemental DataSet 8 for enrichment details andSupplemental
Data Set 9 for unique gene identifiers), including homologs of

SUCROSESYNTHASE5 (SUS5) andSUS6,whichareknown tobe
phloem expressed in Arabidopsis (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
differentiationandactivity.NM14 (cell division regulation; Figure3)
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 CONTROL2 (PtCDC2)
(Espinosa-Ruiz et al., 2004). Expression of genes in this module
peaked where the hierarchical clustering indicated the first tran-
scriptome reprogramming event (i/ii), thus marking the cambium.
NM15 (cell expansion; Figure 3)was enriched for the Pfamdomain
pectate lyase and included the alpha-expansin PtEXPA1, which
hasademonstrated role in xylemcell expansion (Gray-Mitsumune
et al., 2004, 2008), and the xylem-specific pectate lyasePtPL1-27
(Biswal et al., 2014). The expression of thismodulewas specific to
sample cluster ii, consistent with genes in thismodule 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 com-
ponents of the secretory pathway and vesicle transport (e.g.,
SNARE-like, clathrin, and coatomer). This module had an ex-
pression profile spanning the entire sample series, butwith a clear
expression peak where the hierarchical clustering indicated the
second transcriptome reprogramming event (ii/iii). This module
points to the importanceof thesecretionmachineryat this stageof
wood formation. Taken together, these modules can be used to
identify novel candidate regulators of cambial activity andcambial
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

associatedwith several different expression peaks (24 NMswith
more than one peak). Examination of both the hierarchical
clustersandNMs identifiedcoexpressedgenesetswithbiphasic
expression patterns (i.e., profiles with two peaks), likely in-
dicating 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 CesAs, xylan, and lignin biosynthesis genes.
Thesemoduleshadexpressionprofileswith a lowpeak 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
PtMYB21 (Zhong et al., 2013), homologous to Arabidopsis
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 formationprior to visual differentiationof thesephloemcells
into fibers. This expressionpattern is consistentwith thismodule
including regulatory switches that induce the broader expres-
sion profiles of the structural genes inmodules such asNM2, 25,
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27, and 35 and is an example of the finding that TFs had sig-
nificantly narrower expression domains than other genes. Fi-
nally, NM34 (senescence and metabolism; Figure 3) was
enriched for the Pfam domain late embryogenesis abundant

protein and included a homolog of BIFUNCTIONAL NUCLEASE1

(BFN1),whichhasbeen implicated in thepostmortemdestructionof
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 ex-
pression of these two peaks coincides with the loss of viability in

Figure 3. A Modular Version of the Coexpression Network.

Geneswith representative expression profileswere identified in the coexpression network (at a Z-score threshold of 5) by iteratively selecting the genewith
the highest centrality and a coexpression neighborhood not overlapping with any previously selected genes’ neighborhood. Only annotated genes and
positively correlated coexpression linkswere considered (i.e., Pearson correlation >0). The selectedgenes and their coexpression neighborhoods (network
modules) were represented as nodes in a module network. The modules were numbered according to the order in which they were selected (and hence
according to size) and given descriptive namesbased on gene function enrichment analysis (Supplemental Data Set 8). 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. Nodes were
linked if theneighborhoods overlappedat a lower coexpression threshold (Z-score threshold of 4). Link strengths areproportional to thenumber 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. Asterisks
next to the module names indicate conservation in Norway spruce: *, 6–24% of the genes have conserved coexpression neighborhoods; **, 25–50%;
and ***, >50% (Supplemental Data Set 8D).
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vessels elements and fibers, respectively (Supplemental Data
Set 1), thus marking the border of living vessel elements and
fibers.

Taken together, the NMs provided an unbiased framework
enabling localization 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 repre-
senting 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 represents a novel re-
source 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.

The Wood Formation Transcriptome Is Largely Conserved

between Aspen and Norway Spruce

Recently, an analogous high-spatial-resolution gene expression
resource was developed for Norway spruce, covering cambial
growth and wood formation from the cambium through the xylem
to latewood formation in the previous annual growth ring
(NorWood, http://norwood.congenie.org; Jokipii-Lukkari et al.,
2017). To investigate conservation of the wood formation tran-
scriptome in two tree lineages that diverged >200 million years
ago, we compared the 41 transcriptional modules in AspWood
(Figure 3) with orthologous neighborhoods in the coexpression
network inNorWood. Specifically,we usedapreviously published
method (ComPlEx; Netotea et al., 2014) to identify the number of
genes in each module with a spruce expressolog, a sequence
ortholog in spruce with a significantly overlapping coexpression
network neighborhood (see Methods). Of the 2560 genes in the
41 modules, 1232 (48%) had at least one predicted sequence
ortholog in theNorway spruce draft genome (Nystedt et al., 2013),
ofwhich1051wereexpressed inNorWood.Using theseorthologs
as a starting point, 29 of the 41 transcriptional modules (71%)
contained at least one gene with a spruce expressolog (marked
withasterisks inFigure3)and inninemodules (22%) themajorityof
genes had conserved regulation (Supplemental Data Set 8D).
These nine highly conserved modules covered all major wood
formation zones and included modules specifically expressed in
the cambium (i/ii, NM14, cell division regulation), in the expansion
zone (ii, NM15, cell expansion; NM16, pectinmodification), during
SCW deposition (iii, NM2, SCW biosynthesis; NM27, S-lignin and

xylan biosynthesis; NM7, regulation of SCW biosynthesis), and in
the xylem maturation zone (iv, NM34, senescence and metabo-

lism). In addition, the two ribosome biosynthesis modules (NM23
and NM37) were highly conserved. Phloem-related modules
contained fewerconservedgenes,which isexpectedasNorWood
lacks phloem samples. However, other weakly or nonconserved
modules may contain genes involved in angiosperm-specific
processes such as the formation of perforation plates (NM5,
primarywallmodification) and intrusivefiberelongation andvessel
element expansion (NM20, primary wall formation and cell

expansion). Taken together, our data indicate that many pro-
cesses active during cambial growth and wood formation have
conserved coexpression in aspen and Norway spruce. The
AspWood and NorWood web resources are highly integrated,
allowing comparisons of expression profiles and coexpression.
These resources represent powerful tools for comparative evo-
devo analyses of cambial growth and wood formation.

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 Arabidopsis primarymeristems.
The twoplasmamembrane-associatedproteinsOCTOPUS (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 REGION45 (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; Supplemental Data Set 9) were highly expressed
across thecambium,whereasgeneshomologous toBRX,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 APL
(Bonke et al., 2003). APL acts as a positive regulator of phloem
identity in Arabidopsis, and apl plants show ectopic xylem for-
mationwherephloemcells 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);
here, we show that they are also expressed in differentiating
secondary phloem (Figure 4B). This suggests that components
regulating primary phloem development in Arabidopsis roots
function similarly during secondary phloem development in tree
stems.
Establishment of vascular tissues in the embryo and the peri-

clinal cell division activity of the root procambium inArabidopsis is
regulated through the basic helix-loop-helix (bHLH) transcription
factors TARGET OF MONOPTEROS5 (TMO5) and LONESOME
HIGHWAY (LHW)actingdownstreamof auxin signaling (Schlereth
et al., 2010; De Rybel et al., 2013). TMO5 and LHW function as
heterodimers, and coaccumulation 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 theLONELYGUY3 (LOG3) andLOG4 (DeRybel 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
(Supplemental DataSet 9) hadcomplex expressionpatterns in the
wood-forming zone of aspen, high expression of both genes
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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/ARF5), 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
Arabidopsis roots likely regulate periclinal cell divisions during
cambial growth in trees. Moreover, as in Arabidopsis roots, the
expression of LOG genes suggests a 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 compositions (Mellerowicz and
Gorshkova, 2012). The PCW layers are abundant in pectins, such
as homogalacturonan and rhamnogalacturonan I (RG-I), and they
contain hemicelluloses such as xyloglucan, arabinoglucuronox-
ylan, and mannan. In contrast, the SCW layers are rich in glu-
curonoxylanandcontainonlysmall amountsofmannan.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 trans-

ferases involved in the biosynthesis of homogalacturonan
(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)
(Supplemental Data Set 9). As expected, the majority of these
genes were highly expressed in primary walled cambial and ra-
dially expanding tissues (sample cluster ii; Figure 5A). In-
terestingly, although expression peaked before the onset of SCW
deposition, a majority was also significantly expressed during
SCW deposition (sample cluster iii ), suggesting that there may be
continuous biosynthesis of pectin and xyloglucan during SCW
biosynthesis. The incorporationof thesepolymerscouldstill occur
in theprimarywall layer, assuggested for xyloglucan indeveloping
aspen fibers based on immunolabeling localization patterns

Figure 4. Similarities in Expression Patterns for Regulators of Early
Vascular Differentiation between Primary and Secondary Growth.

(A) Expression profiles for the homologs ofOPS, BRX,CLE45, and BAM3.
PtOPS-Awashighlyexpressed in thecambium,whilePtBRX-A,PtCLE45-A,
and PtBAM3-A were highly expressed in the secondary phloem.
(B)Expression profiles for the homologs ofAPL andNAC45/86.PtAPL and
PtNAC genes were highly expressed in the secondary phloem.
(C) Regulators of periclinal cell divisions. Expression profiles for genes
homologous toMP,TMO5, LHW, and LOG4genes. High expression levels
for all genes overlap in the expanding xylem. For the complete list of genes,
see Supplemental Data Set 9.

1592 The Plant Cell

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lc

e
ll/a

rtic
le

/2
9
/7

/1
5
8
5
/6

0
9
9
1
5
1
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

http://www.plantcell.org/cgi/content/full/tpc.17.00153/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00153/DC1


(Bourquin et al., 2002). Moreover, transcripts of many enzymes
involved in pectin metabolism such as pectate lyases and pectin
methyl esteraseswere abundant in theSCWformation zone. Also,
transcripts of xyloglucan endotransglycosylases were abundant
in this zone, in agreement with previous reports of xyloglucan
endotransglycosylase 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 genesmay 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).

Arabidopsis SCW cellulose synthase complexes contain
equimolar trimers ofCesA4, 7, and8 (Hill et al., 2014), andPopulus
homologs forming similar complexes have been identified (Song
et al., 2010). In AspWood, the corresponding transcripts showed
a very specific expression pattern, marking the onset and end of
SCW biosynthesis in the xylem (sample cluster iii ), as well as fiber
differentiation in phloem (sample cluster i; Figures 2Band5B). The
other CesA genes, homologous to Arabidopsis 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 cel-
lulose 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 bio-
synthesis is supported by the presence of protein complexes
containing both PCWandSCWCesAs 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 b-1,4-Xylp residues,
which is thought to be synthesized by a heteromeric xylan syn-
thase complex in the Golgi (Oikawa et al., 2013). At least three
interacting glycosyltransferases (GTs) 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; Zenget al., 2016). In
Populus, IRX9/9L function is performed by PtGT43A, B, or E and
IRX14/14L function byPtGT43Cor 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 dif-
ferent 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
synthasecomplexes (Mortimeretal., 2015;Ratkeetal., 2015),with
PtGT43E (IRX9L) and PtGT43C/D (IRX14) forming the primary

Figure 5. Primary and Secondary Cell Wall Biosynthesis Genes.

(A)Expressionprofiles for pectin andxyloglucanbiosyntheticgenes.All genesarehighly expressedduringprimarywall biosynthesis, but alsoat later stages
during xylem development. (i) Representative expression for homogalacturonan biosynthesis genes (illustrated by PtGAUT1-A); (ii) expression pattern of
PtGALS1; (iii) representativepatternofotherRG-I biosynthesisgenes (representedbyPtGALS2-A); and (iv) representativeexpressionpattern for threeof the
putative xyloglucan biosynthesis genes (illustrated by PtXXT1-B). For a list of identified putative pectin and xyloglucan biosynthesis genes, see
Supplemental Data Set 9.
(B)Expression patterns forCesAgenes. (i) Members responsible for cellulose biosynthesis in the secondarywall layers are all induced in SCWbiosynthesis
zones in thexylemandphloem(illustratedbyPtCesA4); (ii)membersclassifiedasprimarywallCesAs typicallypeak inprimarywall biosynthesis zone,but are
also highly expressed during later stages of xylem differentiation (illustrated by PtCesA6-A); and (iii and iv) some members even peak during these later
stages (illustrated by PtCesA6-C and PtCesA6-F ). For a complete list of putative CesA genes, see Supplemental Data Set 9.
(C) TheGT43 gene family responsible for xylan biosynthesis comprises three clades, A/B, C/D, andE, each having different expression here illustrated by (i)
PtGT43A, (ii)PtGT43C, and (iii)PtGT43E. Expression profiles support the hypothesis thatPtGT43A/B andPtGT43C/D aremembers of secondarywall xylan
synthase complex, whereas PtGT43E and PtGT43C/D are members of the primary wall xylan synthase complex. For a complete list of genes coregulated
with the three clades of GT43 genes, see Supplemental Data Set 9.
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xylan synthase complex and PtGT43A/B (IRX9) and PtGT43C/D
(IRX14) forming the secondary xylan synthase complex. Dis-
tinction between the expression patterns of PtGT43A/B and
PtGT43C/D inAspWoodhighlighted thehigh resolutionof thedata
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, xyloglu-
can, and cellulose PCW biosynthetic genes suggest that the
primarywall biosynthetic program is not terminated at theonset of
secondarywall biosynthesis. It rather continues in thebackground
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 tensionwood, 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 addi-
tionally revealed that some genes of the SCW biosynthesis pro-
gramare also active during the period of PCW formation. Thiswas
exemplified by PtGT43C/D and its coexpression network neigh-
borhood, which included many proteins involved in general cel-
lular functions associated with cell wall biosynthesis, such as
vesicle trafficking, transport, sugar nucleotide metabolism, and
general cell wall acetylationmachinery (Supplemental Data Set 9).

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 biosynthetic enzymes have been identified (Shi et al.,
2010), of which 59 were expressed in AspWood (Figure 6A;
Supplemental Data Set 9). 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 biphasic expression profile, with a low peak in the differentiating
phloem (i.e., sample cluster i) and a high peak in the maturing
xylem (cluster iii), and with relatively high expression during late
xylem maturation (i.e., sample cluster iv; Figures 6A and 6B).
However, some were expressed only in the phloem or in the late
maturing xylem (Figure 6A).

In Populus, 165 genes encoding phenoloxidases have been
identified (Lu et al., 2013) (Supplemental Data Set 9). Both per-
oxidases and laccases have been shown to be active in wood-
forming tissuesofPopulus and tobecapable of polymerizing both
monomethoxylated (guaiacyl G) and bimethoxylated (syringyl S)
monolignols into lignin-like polymers in vitro (Christensen et al.,
1998; Ranocha et al., 1999; Sasaki et al., 2004, 2008). More re-
cently, laccases LAC4/IRX12, LAC11, and LAC17 (Zhao et al.,
2013) were demonstrated to act redundantly during vessel ele-
ment and fiber lignification. Lignin formation has also been shown
to be dependent on the additive activities ofmultiple peroxidases,

including PXR2,PXR25,PXR71, and PXR72 in Arabidopsis xylem
(Herreroet al., 2013;Shigetoet al., 2015) and thehomologofPXR3
in Populus (Li et al., 2003b). We found that 34 out 56 annotated
laccases and 42 out of 109 peroxidases were expressed in
AspWood (Supplemental Data Set 9) and that these genes gen-
erally had narrower expression peaks than monolignol bio-
synthetic genes (P < 5e-5; Supplemental Data Set 9; Figures 6C
and 6D). 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 coexpressed
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 latematuring xylem (i.e., sample cluster
iv; Figures 6E and 6F). While experiments in Arabidopsis have
suggested that laccases and peroxidases act nonredundantly
(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, andmature
xylem.

Transcriptional Regulators of Wood Development

Thedifferentiationof xylemvessel elementsandfibers is regulated
by NAC domain transcription factors (reviewed in Zhong et al.,
2006; Růžička et al., 2015; Ye and Zhong, 2015). In Arabidopsis,
VASCULAR-RELATEDNAC-DOMAIN6 (VND6) and VND7 specify
vessel element cell fate (Kuboet 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 dif-
ferentiation is mediated by SECONDARY WALL-ASSOCIATED
NACDOMAIN1 (SND1)andNACSECONDARYWALLTHICKENING
PROMOTING1 (NST1) (Zhong et al., 2006), with the NAC domain
transcription factors SND2 and 3 also contribute to fiber differenti-
ation (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 coexpressed with one notable
exception; members of the VND3-clade displayed similar ex-
pression patterns to either the VND6- or SND2-clade genes
(Figures 7A to 7E). For members of the VND6-clade, expression
peakedwithin thecell expansion zone (sample cluster ii) andagain
further inwards, at the end of the SCW formation zone (sample
cluster iii; Figure 7E). Early expression of the VND6-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 for-
mation and cell death in vessel elements (Derbyshire et al., 2015).
Whileoneof thePopulusVND7-cladeparalogswasnotexpressed
in our data, expression of the second VND7-clade paralog in-
creased 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 VND7-
clade paralog included a homolog of METACASPASE9, which in
Arabidopsis has been shown to participate in the autolysis of
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xylem vessel elements (Bollhöner et al., 2013), as well as other
genes (in total 77 genes at a Z-score threshold of three), sug-
gesting thatmaximal expressionof VND7, and the later peak in the
expression profiles of the VND6-clade paralogs, marks the tran-
sition from the SCW to the maturation phase in xylem vessel el-
ements. Thus, the spatial resolution of our sample series enabled
us to define two clearly separated expression domains in vessel
element differentiation.

Compared with the VND6-clade genes (Figure 7E), expression
of the SND1-clade genes was shifted slightly toward 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 SND2

paralogs (Figure 7B). Unlike theVND6-clade paralogs, bothSND1
and SND2 paralog expression increased gradually from the
cambium toward thephloem in sample cluster i, indicating a role in
SCW formation in phloem fibers. This suggests that the role of
SND1 and SND2 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
twoseparate expressiondomains 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 VND6 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 expres-
sion remained high during the entire SCW phase (sample cluster
iii ), consistent with roles connected to the deposition of wall
polymers and/or postmortem autolysis.
We explored whether 110 direct targets of the four SND1-clade

genes were coexpression 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 trans-
activation targets based on different lines of experimental evi-
dence (Ye and Zhong, 2015) (see Supplemental Data Set 9 for all
target genes). Seventy-six of these 110 putative direct targets of

Figure 6. Expression Profiles of Genes Involved in the Lignification of Xylem Cells.

(A) Hierarchal clustering and heat map 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) and (D)Hierarchical clustering of the 34 expressed laccase phenoloxidases (C) and expression profiles of representative genes (D): homologs of LAC4
(Potri.001G248700 and Potri.016G112100), LAC11 (Potri.004G156400), and LAC17 (Potri.001G184300, Potri.001G401300, and Potri.006G087100).
(E)and (F)Hierarchical clusteringof the42expressedperoxidasephenoloxidases (E)andexpressionprofilesof representativegenes (F): homologsofPXR3
(Potri.003G214800), PXR25 (Potri.006G069600), PXR56 (Potri.007G122200), and PXR72 (Potri.005G118700 and Potri.007G019300).
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SND1 paralogs were expressed in AspWood, of which 68 (89%)
formedaconnectedcoexpressionnetworkwith the fourSND1-clade
paralogs using a coexpression threshold of three (Supplemental
Figure 4). Interestingly, the majority of the ChIP targets were neg-
atively correlated with the SND1 paralogs (subclusters II and III in
Supplemental Figure 4), indicating that SND1-like transcription fac-
tors likely suppress transcription of these targets.

Having established that the coexpression network predicts
previously characterized TF-target interactions, we subsequently
analyzed network neighborhoods of high centrality TFs with no
currently known functional role during wood formation (using
Supplemental Data Set 7). 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 SND2), the second-
most central TF is homologous to Agamous-like 62 (AGL62). This
gene has an essential role in seed development in Arabidopsis,
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 en-
richment test of the network neighborhood identified enrichment
for cellulose biosynthetic process (P < 0.05, Z-score threshold of

five). Interestingly, oneof theAGL62paralogs inPopulushasbeen
linked to biomass yield in a GWAS study (Allwright et al., 2016). In
cluster h, the most central TF is also a known regulator PtMYB20
(homolog of MYB83), while the second-most central TF is un-
characterized (Potri.006G208100), with the network neighbor-
hood 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 bi-
ological characterization.

A Majority of Paralogs Show Differential Expression during

Wood Formation

In Salicaceae, aWGDoccurred relatively recently (58million years
ago; Dai et al., 2014).WGDs are believed to be amajor contributor
to the evolution of novel function in genomes (reviewed in
Hermansen et al., 2016) and to contribute to species di-
versification. Gene duplicates resulting from WGDs, hereafter
called paralogs, may evolve through different processes: (1)
subfunctionalization, where the genes retain different parts of the
ancestral function; (2) neofunctionalization, where one gene

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 Arabidopsis. Colors indicate coexpression.
Arabidopsis gene names in bold are used as clade names.
(B) Expression profiles ofPopulus SND2 homologs (Potri.007G135300, Potri.017G016700, Potri.004G049300, andPotri.011G058400) comparedwith the
VND3 homolog with a similar expression profile (Potri.007G014400).
(C) Expression profiles of Populus SND1 homologs (Potri.001G448400, Potri.002G178700, Potri.011G153300, and Potri.014G104800).
(D) Expression profile of the Populus VND7 homolog expressed in AspWood (Potri.013G113100; Potri.019G083600 is not expressed).
(E) Expression profiles ofPopulus VND6 homologs (Potri.001G120000, Potri.003G113000, Potri.012G126500, and Potri.015G127400) comparedwith the
VND3 homolog with a similar expression profile (Potri.005G116800).
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retains the ancestral function while the other evolves a new
function; or (3) nonfunctionalization, where one of the genes is
eliminated by random mutations. These processes may act both
on protein function and on gene expression, with regulatory di-
vergence being particularly important for evolution of plant de-
velopment (Rosin andKramer, 2009). A previousmicroarray study
inPopuluscovering14different tissues indicated thatnearlyhalf 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 9728 paralogous gene pairs identified in
the P. trichocarpa genome by sequence similarity and synteny
(see Methods), 8844 had at least one gene expressed in our data.
Of theseparalogs, 3185 (36%)haddiverged regulation, asdefined
by their presence in different expression clusters and by their
expression correlation being below 0.5 (Figure 8A; Supplemental

Data Set 10A). An additional 1930 paralogs (22%) had only one
gene expressed in our data. These may represent cases of
nonfunctionalization 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; Supplemental Data
Set 10B), but paralogs with more diverged expression were also
observed. For example, 1163 paralogs (17%) had negatively
correlated expression profiles, of which 156 displayed mirrored
profiles (correlation < 20.50; see Figure 8B). Our estimate of
regulatory divergence can be considered conservative, repre-
senting cases where paralogs display distinctly different ex-
pression profiles across cambial growth and wood formation.
However, the high spatial resolution of our data set also enabled
the identification of far more subtle differences, such as the
previously reported differences in expression levels between

Figure 8. WGD Paralog Expression.

(A)Circosplotof regulatorydivergedandconservedparalogs. Theclustersareorderedaccording to their peakof expressionalong thewooddevelopmental
gradient.Anadditional cluster forgenesnotexpressed (ne) inourdata is alsoadded.Eachcluster occupiesashareof thecircle’scircumferenceproportional
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 < 0.5were considered diverged. Links representingmore pairs than expected by chance (P < 0.0001) are colored in a darker tone. The portion of
a cluster without any outgoing links to other clusters represents the proportion of paralogs in this cluster where both genes belong to the cluster
(i.e., conserved paralog pairs).
(B) Example of paralogs with highly diverged profiles (correlation = 20.78): 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 data set.
(D) The distribution of different gene sets among expression clusters: blue, all 28,294 expressed, annotated genes in our data; green, all 3729 paralog pairs
with conservedexpression (i.e., in the sameexpressioncluster); red, 721geneswith highexpression (among the top5%most highly expressedgenes in our
data; 1413 genes) and in paralog pairs with conserved expression.
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CesA8-A and CesA8-B in secondary phloem and xylem (both
located in clusterg; Figure 8C; Takata andTaniguchi, 2015).While
the processes of sub-, neo-, or nonfunctionalization drive the
divergence of paralog pairs, the gene dosage balance hypothesis
may explain why some paralog pairs have retained similar ex-
pression profiles (Yoo et al., 2014). Interestingly, a high proportion
of the paralog pairswith similar profileswere found among the 5%
most abundant transcripts in our data set (51%, P = 5e-92). In
particular cluster g, including genes expressed during SCW for-
mation (sample cluster iii ), contained a substantially higher frac-
tion of such highly expressed and regulatory conserved paralogs
than other clusters (Figure 8D). 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 noncoding tran-
scriptome underlying cambial growth and wood formation in
amodel 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 pro-
vides thescientificcommunitywithan interactive tool for exploring
the expression profiles and their relatedness within the corre-
sponding coexpression network. We used the network to identify
a continuumof transcriptionalmodules covering theentire 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 tran-
scription factors acting both as activators and repressors and
demonstrated a strategy for identifying novel regulators of wood
formation. Also, we demonstrated that the resource enables the
discovery of previously uncharacterized expression domains of
well-studied genes, as well as the identification of expression
differences in highly sequence-similar paralogs arising from the
Salicaceae WGD. Finally, we demonstrated the power of the re-
source for evo-devo studies of cambial growth and wood for-
mation by performing a comparative regulomics analysis to
a corresponding data set from Norway spruce, identifying large-
scale conservation of the regulatory program in these two tree
lineages that diverged >200 million year ago. The AspWood re-
sources represents a new reference resource for wood biology
andanatural startingpoint 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
Populus tremula clones (tree IDs T1, T2, T3, and T4) from Vindeln, North
Sweden.Handsectionswere taken from freshly collected stemmaterial for
analysis of cell viability using nitroblue tetrazolium (Courtois-Moreau et al.,
2009).Longitudinal sections (15mmthick)werecutusingacryo-microtome

(Uggla et al., 1996) and stored at280°C. Cross sectionswere 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.

Individual sections were thawed in QIAzol lysis reagent (Qiagen) and
homogenized using a Retsch mixer mill. Total RNA and small RNA were
extracted from section pools as indicated in Supplemental Data Set 1. The
miRNeasy Mini Kit (Qiagen) was used for extractions. For total RNA, one
elution of 35mLwasmade. For small RNA, two elutions of 25mL eachwere
made and pooled.

Total RNA was quantified using a Nanodrop 1000 (Thermo Scientific),
and quality was assessed using the Agilent 2100 Bioanalyzer (Agilent
Technologies) using Pico chips (Agilent Technologies). A 100-ng aliquot
was used for amplification. If the volume of the 100 ng aliquot was larger
than5mL, itwasdried using aSpeedVac. In somecases, <100ng total RNA
was available, in which case themaximumpossible amount was used (see
Supplemental Data Set 11 for all total RNA amounts). Total RNA was
amplified using Ambion MessageAmp Premier RNA amplification kit
(ThermoScientific) following themanufacturer’s instructions.Using 100ng
of total RNA as startingmaterial, we obtained 10 to 63 mg of amplified RNA
(aRNA). aRNA was quantified using a Nanodrop and integrity checked
using a Bioanalyzer with Nano chips (Agilent Technologies). For each
sample, 2.5 mg aRNA was used for sequencing using 2 3 100-bp non-
stranded reads on the IlluminaHiSeq 2000 platform, as detailed by Sundell
et al. (2015).RawRNA-seqdatawereuploaded to theEuropeanNucleotide
Archive (http://www.ebi.ac.uk/ena/) under accession number ERP016242.

RNA-Seq Preprocessing

TheRNA-seqdatawere analyzed using apreviously developedpipeline for
quality control, read mapping, and expression quantification (Delhomme
et al., 2014). Briefly, the quality of the raw sequence data was assessed
using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/, version 0.10.1). Residual rRNA contamination was identified
and filtered using SortMeRNA (v2.1; Kopylova et al., 2012; settings–log–
paired_in–fastx–sam–num_alignments 1) with the provided residual RNA
sequences (rfam-5s-database-id98.fasta, rfam-5.8s-database-id98.fasta,
silva-arc-16s-database-id95.fasta, silva-bac-16s-database-id85.
fasta, silva-euk-18s-database-id95.fasta, silva-arc-23s-database-id98.fasta,
silva-bac-23s-database-id98.fasta and silva-euk-28s-database-id98.fasta).
Data were further filtered by removing adapters and quality trimmed using
Trimmomatic (v0.32; Bolger et al., 2014; settings TruSeq3-PE-2.fa:2:30:10
LEADING:3 SLIDINGWINDOW:5:20 MINLEN:50). After both filtering steps,
FastQCwas run again to ensure that no technical artifacts were introduced.
Filtered reads were aligned to v3.0 of the Populus trichocarpa genome
(retrieved from the Phytozome resource; Goodstein et al., 2012) using STAR
(v2.3.0e_r291; Dobin et al., 2013; non-default settings: –outSAMstrandField
intronMotif–readFilesCommandzcat–outSAMmapqUnique254–quantMode
TranscriptomeSAM–outFilterMultimapNmax 100–outReadsUnmapped
Fastx–chimSegmentMin 1–outSAMtype BAM SortedByCoordinate–
outWigType bedGraph–alignIntronMax 11,000). HTSeq (Anders et al.,
2014) was used with all features of type “gene” in the GFF3 annotation file
of v3.0 of the P. trichocarpa genome to calculate gene-based read count
values by only considering uniquelymapping reads. The read countswere
then normalized using a variance stabilizing transformation as im-
plemented in DESeq (Love et al., 2014). The normalization was applied to
all samples simultaneously to ensure that the expression values were
comparable across samples. The transformation reduces the correlation
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between mean and variance observed in RNA-seq data, and results in
expression values that are on an approximate log2 scale and adjusted to
account for differences in sequencing depth among samples.

Samples T4-05, T4-09, T4-20, and T4-28 yielded low reads counts
(Supplemental Data Set 12), while T3-17 was a clear outlier in a principal
component analysis (PCA) of all samples (Supplemental Figure 5). T4-28
was the last sample of T4 and was removed in subsequent analyses. The
other four samples (T3-17, T4-05, T4-09, and T4-20) were located inside
the sample series and were therefore instead replaced by the average
expression values of the two flanking samples (e.g., sample T4-05 was
replaced by the average expression values of samples T4-04 and T4-06).
PCA was performed using the R function prcomp.

Toconfirm that the four treeswereclonal replicates, agenotype testwas
performed using single nucleotide polymorphisms in all expressed 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). Single nucleotide polymorphisms were called using
bcftools-1.3.1 call (-v -c). A PCAplot was created from the resulting variant
call format file (vcf; Li et al., 2012) using the R package SNPRelate-1.6.4
(Zheng et al., 2012). From the PCA plot it was clear that the four trees were
clonal replicates (Supplemental Figure 6).

We also developed a pipeline for annotating novel protein coding genes
and lincRNAs using a combination of established annotation tools. We
used PASA (2.0.3, default settings; Haas et al., 2003) to construct a ref-
erence database based on three assemblies: one de novo transcript as-
sembly produced using the Trinity de novo assembly pipeline (r20140717,
settings:–min_kmer_cov 1–normalize_reads–normalize_by_read_set; Grabherr
et al., 2011) and two genome guided assemblies using Trinity (r20140717,
settings:–genome–genome_guided_use_bam–genome_guided_max_intron
11000–min_kmer_cov1)andcufflinks (settings:–l 24 library-type fr-unstranded
-I 15000–no-faux-reads; Trapnell et al., 2010; 2.2.1). All assemblies were
produced using data that was digitally normalized using utilities included with
Trinity.PASA reported59novel proteincodinggenes inaddition to21,938EST
assemblies containing a coding sequence shorter than 40% of the mRNA
length.To identify intergenicRNAs,we removedany regionoverlappingknown
P.trichocarpagenes(usingbedtoolsv2.19.1,settings:subtract–A;Quinlanand
Hall, 2010). This retained53of thePASA-identifiednovelprotein-codinggenes
and 13,995 ESTs. Potential frame-shift errors were identified using frameDP
(1.2.2, default settings; Gouzy et al., 2009). Frame-shift error correction
changed the status of 672 of the 13,995 ESTs, identifying a corrected coding
sequence longer than 40% of the mRNA length after correction. These
672 ESTs were therefore reclassified as protein coding. A total of 816 ESTs
containing only a start codon, only a stop codon, or neither a start nor a stop
codon, but where an open reading frame of >40%of the fragment length was
identified, were classified as fragments. The remaining ESTs (12,507 as-
semblies) were classified as potential lincRNAs. A lincRNA was further clas-
sified as high confidence if the following criteria were met: (1) no hit to either
Ref90 (http://www.uniprot.org; retrieved June 25, 2014) or the nucleotide
database at NCBI (https://www.ncbi.nlm.nih.gov; retrieved March 18, 2015)
usingBLAST (blast/2.2.29+; E-value<1e-5), (2) no hit to knownPfamdomains
using HMMScan (v 3.1b2; default settings), and (3) distance to the nearest
annotatedgenewas>1235bp (thisdistance thresholdwasselectedtoexclude
95%ofall introns in theP.trichocarpagenome)with theintentiontoavoidcases
wherean identifiedexpressed locus representsapotentiallynonidentifiedUTR
from an existing gene in the annotation.

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 than200bp (Ulitsky, 2016). This resulted in28,294annotatedgenes,
78 novel protein-coding genes, 567 lincRNAs (of which 240 were high
confidence), and 307 fragments being classified as expressed 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
heat maps 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. The cutree
function was used to cut the dendrogram first into eight clusters (a–h) and
then into 16 subclusters (with the first four subclusters located inside
cluster a and the remaining 12 subclusters distributed as shown in Figure
1D). Functional enrichment was tested using Fisher’s exact test and false
discovery rate corrected. Annotations were downloaded from Phytozome
(Goodstein et al., 2012).

The coexpression network was inferred using mutual information (MI)
and context likelihood of relatedness (Faith et al., 2007). The context
likelihood of relatedness algorithm computes a Z-score for each gene pair
using theMI values to all other genes as a nullmodel. A Z-score thus has an
intuitive interpretation—it indicates the number of standard deviations that
the correlation stands above a random correlation in the relevant network
context—and is comparable across different data sets and species. A
coexpression network was constructed by linking all genes, including
annotated genes, novel protein-coding genes, and lncRNAs, 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 Barabási-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 work. 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), between-
ness (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). Themodular network
was generated as explained in the legend of Figure 3. It consists of
a representative set of nonoverlapping (at Z-score > 5) network neigh-
borhoods located around the most central genes in the coexpression
network and thus provides amore accessible entry point to analyzing the
network than the complete ranked gene lists in Supplemental Data Set 7.

The expression specificity scoreof agenewascalculated as thehighest
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.

We used a previously published method for comparative tran-
scriptomics (ComPlEx; Netotea et al., 2014) to investigate the con-
servation of the 41 transcriptional modules (Figure 3; Supplemental Data
Set 8) in Norway spruce (Picea abies). Ortholog group were taken from
Sundell et al. (2015) and were obtained by running OrthoMCL (Li et al.,
2003a) on Arabidopsis thaliana, P. trichocarpa, and P. abies protein se-
quences. The Norway spruce coexpression network was taken from
Jokipii-Lukkari et al. (2017) and was computed using the exact same
method as for the aspen network. For each aspen gene in the 41modules,
we computed the statistical significance of the overlap between its
neighborhood in aspen and the neighborhood of each of its orthologs in
Norway spruce. Specifically, the significance of the overlapwas computed
bymapping the spruce neighborhood back to aspen (using orthologs) and
applying the statistical test within the aspen network. The power of the
statistical test is low for small neighborhoods, and this isparticularly true for
distantly related species with relatively few detectable orthologs. We
therefore used networks with Z-score > 4 for both species. A P value
threshold (P < 4.286e-03) controlling the false discovery rate at 5% (for the
entire aspen network) was used to identify conserved orthologs (i.e.,
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expressologs), and the fraction of aspen genes with at least one ex-
pressolog was reported for each module (Supplemental Data Set 8D).

Thephylogenetic tree of theNACdomain transcription factors (Figure 7)
was generated using Mega 7.0 (settings: neighbor joining; number of
bootstrap replications 1000) (Kumar et al., 2016). The underlying multiple
alignment of protein sequences was obtained using the Clustal Omega
package (Sievers et al., 2011).

To group paralogous genes, the primary protein sequence of 41,335
P. trichocarpa genes (Phytozome; Goodstein et al., 2012) was compared
with 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., 2012) using the following settings: alignment
methodgg4, gap size30, cluster gap35, tandemgap10, q value0.85, prob
cutoff 0.001, anchor points 5, multiple hypothesis correction false dis-
covery rate, and level 2 only true. Twogene clusterswith significantlymany
shared paralog pairs (i.e., with one paralog in each cluster) were found by
comparing the clustering to 10,000 randomly generating clusterings. A
Circos plot was created using the R function circos in the circlize library.

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 precomputed 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
heat map. The coexpression network is interactive and allows the user to
explore the data further. The gene list can be exported and used in tools
throughout the PlantGenIE platform (http://plantgenie.org; Sundell et al.,
2015). Specifically, clicking the NorWood button will map the gene list to
Norway spruce orthologs and display high-spatial-resolution expression
profiles in that species. AspWood is built with HTML5 and JavaScript for
user interfaces and PhP and Python for more advanced server side functions.

Accession Numbers

P. trichocarpa Potri gene identifiers for genes referenced in this article can
be found in Supplemental Data Set 9. Raw RNA-seq reads are available at
the European Nucleotide Archive (http://www.ebi.ac.uk/ena/) under ac-
cession number ERP016242.

Supplemental Data

Supplemental Figure 1. Plots showing the expression diversity across
the sample series.

Supplemental Figure 2. The sample clustering in Figure 1B with sample
names.

Supplemental Figure 3. The expression profiles of selectedmarker genes.

Supplemental Figure 4. Comparison of expression domains in wood-
forming tissues of proposed direct targets of the four SND1 paralogs.

Supplemental Figure 5. Principal component analysis of all samples
based on the variance stabilized expression data.

Supplemental Figure 6. Genotyping showing that the four AspWood
trees were clonal replicates.

Supplemental Table 1. Information about the sampled trees including
height, diameter, age, and sampling height.

Supplemental Data Set 1. Anatomical characterization of each section
in the sample series, and description of pooling for RNA-seq analysis.

Supplemental Data Set 2. Expression values for the 28,294 expressed,
annotated genes.

Supplemental Data Set 3. Expression values for the 78 expressed,
novel protein-coding genes identified in this study.

Supplemental Data Set 4. Expression values for the 567 expressed,
long noncoding RNAs identified in this study.

Supplemental Data Set 5. Expression values for the 307 expressed,
transcript fragments identified in this study.

Supplemental Data Set 6. All 28,294 expressed, annotated protein-
coding genes with cluster assignments according to the hierarchical
clustering.

Supplemental Data Set 7. Network centrality statistics for the genes
in the coexpression network.

Supplemental Data Set 8. The 41 network modules: Central genes,
enriched gene functions, and conservation in Norway spruce.

Supplemental Data Set 9. Complete lists of genes for the different
biological stories.

Supplemental Data Set 10. Analysis of whole-genome duplication
paralogs.

Supplemental Data Set 11. Amounts of total RNA used for amplifi-
cation (ng).

Supplemental Data Set 12. RNA-seq data quality statistics.
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