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The complex interactions among the genes that underlie a biological process
can be modeled and presented as a transcriptional network, in which genes
(nodes) and their interactions (edges) are shown in a graphical form similar
to a wiring diagram. A large number of genes have been identified that
are expressed during the radial woody growth of tree stems (secondary
growth), but a comprehensive understanding of how these genes interact
to influence woody growth is currently lacking. Modeling transcriptional
networks has recently been made tractable by next-generation sequencing-
based technologies that can comprehensively catalog gene expression and
transcription factor-binding genome-wide, but has not yet been extensively
applied to undomesticated tree species or woody growth. Here we discuss
basic features of transcriptional networks, approaches for modeling biological
networks, and examples of biological network models developed for forest
trees to date. We discuss how transcriptional network research is being
developed in the model forest tree genus, Populus, and how this research
area can be further developed and applied. Transcriptional network models
for forest tree secondary growth and wood formation could ultimately provide
new predictive models to accelerate hypothesis-driven research and develop
new breeding applications.

Introduction

Reductionist developmental genetics approaches tradi-
tionally focus on one gene, and through experimentation
attempt to determine function through the change of
phenotype after modulating expression of the gene (e.g.
though the study of gene knockouts). While this has
been successful in a variety of model plant and animal
species, the reductionist approach has proven difficult
to extend to long-lived, undomesticated perennials such
as trees. There are two main reasons for this. First, long
generation times, barriers to inbreeding and other practi-
cal considerations make it difficult to make homozygous

Abbreviations – ChIP-seq, chromatin immunoprecipitation sequencing; mRNA-seq, mRNA-sequencing; SND, Secondary
Wall-associated NAC Domain; Y1H, yeast one hybrid.

mutations in trees. Second, many of the traits of inter-
est such as wood formation are quantitative traits that
are controlled by many genes, necessitating technologies
that can comprehensively describe the contributions and
interactions of large numbers of genes in conditioning
the phenotype.

New, ‘next-generation’ DNA sequencing technologies
are driving major advances in developmental genet-
ics and genomics research of woody growth in trees,
including availability of full genome sequence for a
growing number of tree species (Tuskan et al. 2006,
Ming et al. 2008, Nystedt et al. 2013). Additionally,
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‘next-generation’ sequencing provides the ability to
develop extensive genome-wide datasets describing
changes of gene expression across tissues or in exper-
imental treatments, the binding of transcriptional regu-
lators to target gene promoters, protein–protein inter-
actions among transcriptional regulators and patterns
of chromatin structure and epigenetic marks. Together,
these data types can be integrated to provide mod-
els of the transcriptional networks that control gene
expression. Transcriptional network models could be
used to optimize research and predict phenotypic out-
comes resulting from altering gene expression, as is being
demonstrated in medical and pharmaceutical research
(Schadt and Björkegren 2012). Transcriptional network
models also represent an important framework on which
data and results from other fields of study (e.g. develop-
mental genetics, population genomics and evolutionary
genomics) can be integrated and visualized.

Secondary growth is the process by which woody
stems increase in girth. This growth is ultimately sup-
ported by the vascular cambium (Larson 1994), whose
cells divide to provide daughter cells both to the inside
of the stem that differentiate into secondary xylem
(wood) and to the outside of the stem that differentiate
into secondary phloem (inner bark). Transcript profil-
ing in the model tree genus, Populus, has characterized
gene expression across these tissues (Schrader et al.
2004), and a modest number of studies have provided
functional characterization of transcription factors regu-
lating specific aspects of secondary growth (reviewed in
Groover et al. 2010, Matte Risopatron et al. 2010).
However, we currently lack comprehensive models
describing how the large number of genes involved
in secondary growth act together to affect growth and
development. Better understanding of secondary growth
is important not only as a fundamental part of plant
biology, but also because secondary growth is central
to developing solutions for problems ranging from for-
est conservation, meeting demands for forest products,
producing feedstocks for cellulosic biofuels and mitigat-
ing impacts of climate change on forests. Importantly,
transcriptional network models are predictive, and could
improve the efficiency of both research and application
development.

Transcriptional regulatory networks
and their features

The precise transcriptional interactions among the large
number of genes in an organism are conveniently
summarized in a network representation. A network
(formally, graph) has nodes connected by links, or edges.
In a transcriptional regulatory network the nodes are

the entities involved in transcription, i.e. DNA (genes),
proteins and RNA molecules (e.g. microRNAs). The links
describe the physical interaction among the nodes, e.g.
protein–DNA interactions. Most immediately, having
a comprehensive network of such interactions allows
efficient lookup of genes and proteins of interest,
and sometimes also the functions to which they are
contributing in the cell. In that sense, a visual interface
to such a network can be an invaluable reference to
the life scientist, especially if it is richly annotated and
hyperlinks to other resources which are embedded in
it. Currently, PopGenie (Sjödin et al. 2009) provides co-
expression network visualization tools, while Phytozome
(Goodstein et al. 2012) is the primary repository for
Populus genome and annotations.

On a more fundamental level, the network wiring
architecture, or its topology, can reveal the systemic
properties of the organism, and provide models of
complex organizational features (Babu et al. 2004).
For example, linear paths connecting multiple genes
can model cascades of genes turning on or off other
genes in a sequence (Zhang and Klessig 2001); feed-
forward loops can model precise temporal regulation
(Mangan and Alon 2003); and alternating inhibition and
activation in a fan-out fashion can model precise spatial
regulation (Oliveri et al. 2008). From a more global, or
top-down perspective, the in- and out-degree of a node,
i.e. the number of its regulators and number of others
it regulates, when aggregated over all nodes provides
a measure of the efficiency of signal exchange in the
network (Proulx et al. 2005, Costanzo et al. 2010), and
contributes to gene expression robustness (MacNeil and
Walhout 2011).

Approaches for modeling
transcriptional networks

Transcriptional network modeling is being facilitated by
new genomic and sequencing technologies. Importantly,
massively parallel ‘next-generation’ sequencing now
allows the comprehensive and quantitative measure of
mRNA transcripts in any species or tissues for which
mRNA can be extracted in reasonable quantity and
quality. This approach of mRNA-sequencing (or mRNA-
seq) (Wang et al. 2009) can be used to establish
datasets describing transcript levels in secondary
vascular tissues of trees that have been subjected
to experimental treatments, expressing transgenes or
undergoing time-course response to environmental
changes or experimental treatments. Next-generation
sequencing can also be used to identify the binding
sites of individual transcription factors genome-wide,
using the approach of chromatin immunoprecipitation
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sequencing (ChIP-seq). ChIP-seq can also be used to map
genome-wide location of DNA methylation and histone
variants that influence gene expression (Consortium
2012). Sequencing-based data can also be integrated
with other data types, such as yeast one hybrid (Y1H)
data identifying transcription factors that bind to a
promoter of interest. In the Y1H approach, a library
is made of genes encoding transcription factors (prey)
of interest, which is screened for prey that can bind a
promoter (bait) sequence of interest that in turn drives
expression of selectable and/or visible marker genes in
yeast.

Integrating experimental
and computational approaches

To achieve good qualitative and ideally even quan-
titative models of regulatory networks, computational
approaches should work hand in hand with the genomics
technologies. One approach, which we adopted in
an ongoing project focused on Populus secondary
growth transcriptional networks, is to interleave the
two: the biological experiments are informed by cur-
rent state-of-the-art knowledge and analytics from
the computational approaches; likewise, the compu-
tational approaches are deeply embedded at all steps
of the project, and are both informed by and guid-
ing the experimental work. We describe our exist-
ing and planned approach next, and summarize it in
Fig. 1.

RNA-seq and ChIP-seq read mapping

mRNA and ChIP-seq technologies yield millions of short
reads which are mapped onto a reference genome.
The precise pipelines used vary among research labs,
but most employ some sort of: (1) pre-processing
to trim adapter sequences, and filter the sequenc-
ing reads for quality, followed by (2) alignment
of sequencing reads to map them to a reference
sequence (in our case, Populus trichocarpa v3.0 from
http://www.phytozome.net/poplar.php) using ultrafast
aligners [e.g. BowTie, based on a Burrows–Wheeler
transform (Langmead et al. 2009), and TopHat (Trapnell
et al. 2009)]. The last step before analyzing data for
biological discovery is (3) normalization to make the
distributions of the sequencing read coverage data sim-
ilar and thus make data comparable within and across
sequencing lanes and experiments. A common normal-
ization method is quantile normalization (quantiles are
points at regular intervals in the cumulative distribution,
dividing the data into equal sized subsets; Bullard et al.
2010).

Discovery: gene sets, function and
network links

The sequencing reads from mRNA-seq then typically
go through a differential expression discovery. In this
step, methods are employed that compensate for the
variability among biological replicates and provide
higher sensitivity at lower coverage levels. EDGER

(Robinson et al. 2010) and DESEQ (Anders and Huber
2010) are popular software packages for differential
expression analysis.

Having data from multiple experiments, time points
or treatment levels enable gene sets analysis. Genes
with indistinguishable expression profiles are com-
bined into gene sets, or groups, using short-time series
analysis methods and clustering algorithms (the sta-
tistical package R includes clustering algorithms, e.g.
k-means or agnes). For Populus, functional enrich-
ment in gene sets can be evaluated using the
Gene Ontology (Ashburner et al. 2000) and Phy-
tozome (http://www.phytozome.net/poplar.php) func-
tional annotations. A variety of tools exist for this
analysis: SerbGO searches among many enrichment
tools to find the best one for a given analysis (Mosquera
and Sanchez-Pla 2008). In addition, shared upstream
motifs, if they exist, can be identified for the gene groups
using multiple alignment and motif searches, e.g. MEME
(Bailey et al. 2006).

As precursor to network modeling, transcription factor
DNA-binding events are identified from ChIP-seq reads
aligned to a reference genome. To do this, typically,
aligned ChIP-seq reads are evaluated for compact peaks
of sequence reads pileup, representing potential loci of
transcription factor binding (Pepke et al. 2009, Blahnik
et al. 2010). As this is an area of active research, there
are a variety of methods for peak detection from ChIP-
seq data, many are able to estimate and correct for
background noise using a control (e.g. un-ChIP’d input
DNA) vs experimental sequences, e.g. MACS (Pepke
et al. 2009), which can estimate binding site locations
with high sensitivity.

Transcriptional gene modules (subsets of co-expressed
genes which have a common regulator) can be identified
by statistically integrating the ChIP-seq and RNA-seq
data, using, e.g. the GRAM algorithm (Bar-Joseph et al.
2003) and models based on regulation hierarchies
(Filkov and Shah 2008). The expression of genes in
such modules is more highly correlated with the binding
transcription factors’ activity than those which do not
show differential expression (Bar-Joseph et al. 2003,
Moreno-Risueno et al. 2010).

To model a more complete regulatory network, in
addition to identifying downstream links, upstream links
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Fig. 1. Summary of our integrated experimental and computational approaches. Starting at the left top cloud (A), the initial experimental design
acknowledges close relationships among auxin, class I KNOX and class III HD ZIP transcription factors in regulating secondary growth, suggesting
they may act within short path lengths in a secondary growth transcriptional network. RNA sequencing is used to profile transcript levels in mutants
of each transcription factor, as well as in developmental gradients within stems and time-course treatments of stem by auxin. These transcript data
are used to identify groups of co-expressed genes (B), which can be mined for shared upstream cis-elements and evaluated for enrichment of genes
of common functional categories (e.g. Gene Ontologies). Next, ChIP-seq is used to determine direct targets of each transcription factor, which can
be overlayed on the co-expression network (C). Y1H data for the target transcription factors is then integrated, identifying factors that regulate
these key regulators (D). Last, the integrated data types are used in computational analyses that describe motifs (e.g. feed-forward loops), positive vs
negative regulation, signal aggregation (e.g. sum or product, shown as + or ×), and provide quantitative measures (shown as continuous numbers)
of interactions among nodes in the final network model (E). By adding data from different technologies, a better-resolved outcome is realized at
consecutive steps.

can be elucidated using Y1H technology. Using Y1H,
transcription factors can be implicated that directly
regulate the expression of genes encoding transcription
factors of interest (Gaudinier et al. 2011).

Quantitative modeling

A precise quantitative transcriptional regulatory network
model overlays the links and nodes structure with
temporal and spatial parameters quantifying the context
and size of the effect one node has on another’s gene
expression. With such a quantitative network, modeling
the emergence of phenotypes may be possible.

One way to build a predictive model of gene
expression is in terms of the binding events modeled as
either overrepresented motifs or ChIP-seq binding events
in gene’s cis-regions (Bussemaker et al. 2001, Filkov
and Shah 2008). These models can be extended to get
more accurate results by accounting for transcriptional

modules (e.g. modeling all genes in the same module
as a single gene) and cooperative regulation (by using
same regression coefficients for cooperative factors).
These two approaches can increase the specificity of the
predictions by decreasing the number of free parameters
in the model.

Advantages and challenges of
secondary growth

Secondary growth presents both advantages and chal-
lenges for transcriptional network approaches. A major
advantage is the radial organization of the stem. The
cells of the cambial zone have thin cell walls, and
during active periods of growth the bark can be easily
removed from the stem, separating away at the fragile
cambial zone [in Populus, separation is in the early dif-
ferentiating xylem (Du et al. 2006, Zhang et al. 2011)].
Horticulturalists recognize this when remarking that the
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Fig. 2. Gram quantities of cambium and recent derivatives can be
harvested for chromatin immunoprecipitation and biochemical assays.
(A) The radial organization of the tree stem facilitates harvest of the
cambium meristem. During active growth, bark can be peeled from
the stem, with the bark separating at the fragile cambial zone or early
differentiating xylem. (B) Simple scraping of the surface of the bark and
wood allows harvest of copious cambium and recent cell derivatives.

bark of a tree is ‘slipping’ and the same phenomenon
allows for easy harvest of large quantity of the cam-
bium and recently derived cells (Fig. 2) sufficient for
ChIP and other biochemical approaches. This stands in
sharp contrast with the difficulty in harvesting signifi-
cant amounts of apical or root meristem tissues. Radial
organization also allows for harvest of cells at different
stages of differentiation, and the historical record of dif-
ferentiation is laid down in the form of lignified cell files
in the secondary xylem (wood). Wood development has
been well studied at the anatomical, biochemical and
genetic levels (reviewed for Populus in Groover et al.
2010). Additionally, significant standing genetic varia-
tion exists for most tree species for wood development
traits, providing a ‘natural’ resource for understanding
the development and evolution of secondary growth.

There are also significant challenges to secondary
growth genomics research. Making transgenic plants that
alter the expression of candidate genes is a relatively
cumbersome task, and typically only some species
and/or genotypes are amenable for transformation. For
example, in Populus, the current reference sequence is
from a species (P. trichocarpa) and genotype (Nisqually)
that is difficult to transform. The preferred laboratory
genotypes for transformation are from hybrids of other
species, thus requiring mapping of sequence reads
from the laboratory species/genotype to the reference
species/genotype. While typically not problematic for
translated regions, cross species mapping can pose
significant limitations for ChIP and other methods

that probe non-genic regions. Additionally, there are
typically not large community resources like knockout
lines or reagent repositories as might be found for models
such as Arabidopsis, which limits genomics research for
trees.

Examples of network approaches in trees

Network biology is beginning to be extended to forest
trees, however, and a few examples of the approaches
taken are described below for the model genus, Populus.
For the most part, the approaches described here were
first developed for human and model plant/animal
research. Forest tree researchers are thus leveraging the
large investments in genomic technology for medical
and model organism research.

Wood formation includes the differentiation of cell
types such as fibers that synthesize a thick, lignified sec-
ondary cell wall. Cell types with lignified secondary cell
walls also differentiate in the model plant, Arabidopsis,
and are homologous (have shared evolutionary origin)
with the same cell types in Populus. This raises the ques-
tion of whether knowledge of transcriptional networks
regulating secondary cell wall biosynthesis in Arabidop-
sis could be extended to Populus, and how evolution has
acted to rewire the homologous networks. One hundred
twenty-one Arabidopsis genes implicated in secondary
cell wall biosynthesis were identified using text mining of
published literature (Yang et al. 2011). These genes were
then used to query a co-expression database to identify
additional candidate genes with correlated expression. In
this way a total of 694 Arabidopsis genes were implicated
in cell wall biosynthesis or remodeling, for which there
were 817 corresponding Populus orthologs. Microarray
data from both species revealed that the tissue-specific
pattern of expression was highly correlated across
species, and evidence of conservation was found for co-
expression of at least some gene clusters between the two
species (Yang et al. 2011). Another example of conserved
transcriptional networks is provided by Secondary Wall-
associated NAC Domain (SND) transcription factors.
SNDs have been well characterized as master regulators
of secondary cell wall biosynthesis in Arabidopsis, where
they activate expression of other transcription factors
(notably MYBs) that in turn regulate suites of cell wall-
related genes (Yamaguchi and Demura 2010). A group
of Populus SNDs have been shown to act as functional
orthologs of Arabidopsis SND1 and were able to acti-
vate the entire secondary cell wall biosynthesis program
(Zhong et al. 2010, Zhong et al. 2011), again provid-
ing evidence for conserved function of both individual
transcription factors and network modules across these
species.
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A systems approach was used to provide insight into
the evolution of transcriptional regulation of the lignin
biosynthesis pathway (Shi et al. 2010). Of 95 Populus
genes encoding enzymes for monolignol biosynthesis,
18 were expressed specifically in xylem tissues. Cis-motif
analysis found five core cis-motifs that were responsible
for xylem expression of all 18 xylem-specific genes, and
was consistent with the notion that these core motifs were
both redundant and quantitative in their contribution to
tissue specific expression. This study provides a model
pathway for understanding the role of cis-elements in the
evolution of gene expression patterns in wood formation.

Perhaps the most comprehensive transcriptional
network models to date were developed using large
numbers of microarray datasets from Populus leaves
subjected to different treatments and at different stages
of development (Street et al. 2011). Starting from 562
leaf-specific Populus genes with quantified transcription
profiles across 456 samples in various experiments,
transcriptional modules containing co-expressed genes
with shared cis-motifs were first identified, and then the
most likely transcription factors regulating each module
were inferred based on gene expression predictability.
A regulatory network was then inferred using regression
models. The identified modules contained genes that
were significantly co-expressed during developmental
processes, and 71% of the modules had biological
relevance based on GO overrepresentation of member
genes. Impressively, the regulatory network could
significantly predict gene expression in new experiments
and identified new regulators of leaf development.
Additionally, comparison with Arabidopsis identified
conserved regulatory mechanisms, and provides another
example of how comparative network approached could
be useful for future evolution and development studies.

Conclusions and perspectives

While just beginning, there are good reasons to
be optimistic for future network-based research and
applications for woody growth in trees. The increasing
power and decreasing cost of DNA sequencing
supports the generation of datasets suitable for network
reconstruction, even in woody species lacking full
genome sequence. The development of computational
approaches and bioinformatics tools in model species
and medical research can be adapted for use in trees,
allowing even smaller research groups to make use of
these technologies. Importantly, the proof of concept
that complex biological systems can be modeled using
network approaches, and that the predictions of network
models can drive research and application development
is being provided in medical research. In forest trees,

most traits of interest are quantitative in nature and are
thus amenable to modeling using network approaches.
The next steps for modeling transcriptional networks
in trees include amassing the critical datasets required,
developing or modifying tools to analyze the data and
produce network models, and experimentally testing and
refining the models in a reiterative fashion.

Network approaches also integrate with other
genomic approaches and data types. For example, data
from ongoing genome-wide association studies in tree
species could potentially be better leveraged by incor-
porating the knowledge of gene networks to reduce
false discovery and increase power for detecting alleles
influencing a phenotype (Schadt and Björkegren 2012).
Additionally, transcriptional network graphs provide an
intuitive visualization of genomic data, as an alter-
native to gene and chromosome-based methods (e.g.
viewing quantitative trait loci using genome browsers).
Ultimately, once established, network approaches and
models could provide numerous benefits by better guid-
ing basic research, and providing predictive tools for
breeding, conservation and forest management.
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