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Wood is an essential renewable raw material for industrial products and energy. However, knowledge of the genetic regulation of
wood formation is limited. We developed a genome-wide high-throughput system for the discovery and validation of specific
transcription factor (TF)–directed hierarchical gene regulatory networks (hGRNs) in wood formation. This system depends on a new
robust procedure for isolation and transfection of Populus trichocarpa stem differentiating xylem protoplasts. We overexpressed
Secondary Wall-Associated NAC Domain 1s (Ptr-SND1-B1), a TF gene affecting wood formation, in these protoplasts and identified
differentially expressed genes by RNA sequencing. Direct Ptr-SND1-B1–DNA interactions were then inferred by integration of time-
course RNA sequencing data and top-down Graphical GaussianModeling–based algorithms. These Ptr-SND1-B1-DNA interactions
were verified to function in differentiating xylem by anti-PtrSND1-B1 antibody-based chromatin immunoprecipitation (97%
accuracy) and in stable transgenic P. trichocarpa (90% accuracy). In this way, we established a Ptr-SND1-B1–directed
quantitative hGRN involving 76 direct targets, including eight TF and 61 enzyme-coding genes previously unidentified as
targets. The network can be extended to the third layer from the second-layer TFs by computation or by overexpression of
a second-layer TF to identify a new group of direct targets (third layer). This approach would allow the sequential establishment,
one two-layered hGRN at a time, of all layers involved in a more comprehensive hGRN. Our approach may be particularly useful to
study hGRNs in complex processes in plant species resistant to stable genetic transformation and where mutants are unavailable.

INTRODUCTION

Wood formation is a complex developmental process involving
differentiation of secondary xylem cells from the vascular cam-
bium, followed by thickening of the cell wall (Evert, 2006). Growth
and development in multicellular organisms are regulated at many
levels by transacting molecules following well-structured regu-
latory hierarchies (Riechmann et al., 2000; Davidson, 2001; Wray
et al., 2003; Jothi et al., 2009). Understanding the regulatory
hierarchy of wood formation will offer novel and more precise ge-
netic approaches to improve the productivity of forest trees. Sec-
ondary wall–associated NAC domain (SND) and vascular-related
NAC domain (VND) proteins are transcription factors (TFs) known

to regulate TF and pathway genes affecting secondary cell wall
biosynthesis (wood formation) in Populus spp (Ohtani et al.,
2011; Zhong et al., 2011; Li et al., 2012). However, little is known
at the genome-wide level about the regulatory target genes, their
quantitative causal relationships, or their regulatory hierarchy.
While TFs typically act cooperatively and combinatorially

on their cis-regulatory DNA targets for gene expression (Müller,
2001; Levine and Tjian, 2003; Chen and Rajewsky, 2007; Hobert,
2008), a single TF may also target hundreds of genes (Chen and
Rajewsky, 2007; Kaufmann et al., 2009; Demura and Ye, 2010;
Huang et al., 2012; Li et al., 2012). Many TFs also target their
own genes (autoactivation or repression) (Becskei and Serrano,
2000; Wray et al., 2003; Li et al., 2012). Interactions between
a TF and its direct targets constitute a regulatory hierarchy. TF–
target DNA interactions in vivo can be identified by chromatin
immunoprecipitation (ChIP), in which an anti-TF antibody is used
to enrich the chromatin that carries a TF and its interacting DNAs
(Solomon et al., 1988).
ChIP, together with microarrays (ChIP-chip) or with next-

generation sequencing allows genome-wide mapping of TF–DNA
interactions (Kim and Ren, 2006; Farnham, 2009; Zhou et al.,
2011). However, ChIP does not reveal the regulatory effects of
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the TF on its bound targets (Solomon et al., 1988; Farnham,
2009; Bassel et al., 2012). A combination of ChIP sequencing or
ChIP-PCR and the TF-induced differential gene expression is
needed to reveal the functional network and its regulatory effects.
This combination has been used to discover specific functional
regulatory networks in animal development, using cell cultures
representing different developmental stages where specific sets
of TFs are induced (Yu and Gerstein, 2006; Farnham, 2009;
Bhardwaj et al., 2010; Gerstein et al., 2010; Roy et al., 2010;
Cheng et al., 2011). These TF regulatory networks are arranged
in well-organized hierarchies. TF functional hierarchical gene
regulatory networks (hGRNs), consisting of three to five hierar-
chical layers, have been described for growth and development
of Caenorhabditis elegans and Drosophila melanogaster (Gerstein
et al., 2010; Roy et al., 2010). Subsets of hGRNs with multiple
hierarchical layers have also been described for human and
mouse (Cheng et al., 2011; Niu et al., 2011).

In plants, ChIP has been applied mainly to Arabidopsis thaliana
(Kaufmann et al., 2010), focusing on mapping interactions between
a single TF and one or a few selected target genes. The regulatory
effects of some of these interactions were demonstrated through
perturbation or induction of the specific TF in transgenics or mu-
tants (Pruneda-Paz et al., 2009; Zheng et al., 2009; Bassel et al.,
2012; Huang et al., 2012; Kumar et al., 2012). Knowledge of the
TF–DNA interactions in species other than Arabidopsis is limited.
ChIP techniques have not been reported for any tree species,
representing a major challenge to identifying TF–DNA interactions.

Many tree species are recalcitrant to genetic transformation and
lack collection of specific mutants (Merkle and Dean, 2000; Song
et al., 2006), making studies of the regulatory effects of TF–DNA
interactions and hGRNs in these species previously impossible.
For tree species that are amenable to genetic transformation,
methods are technically demanding and slow, requiring 12 to 18
months of tissue culture (Merkle and Dean, 2000). To reveal
a functional hGRN for wood formation, an efficient transgenic
system, such as those developed for the cell cultures of yeast
(Saccharomyces cerevisiae) and animals (Horak et al., 2002; Yu
and Gerstein, 2006; Gerstein et al., 2010; Cheng et al., 2011; Niu
et al., 2011), is needed where immediate transcriptome responses
to TF perturbation can be induced, characterized, and quantified.

Plant protoplasts can be cell- or tissue-specific populations of
single cells used to study a broad spectrum of processes from
physiology to gene function/regulation (Abel and Theologis,
1994; Chiu et al., 1996; Davey et al., 2005; Thorpe, 2007; Yoo
et al., 2007). Freshly isolated protoplasts retain cell and tran-
scriptome identity, differentiated state (without dedifferentiation),
and original biochemical and regulatory activity (Cocking, 1972;
Sheen, 2001; Birnbaum et al., 2003; Yoo et al., 2007; Faraco et al.,
2011). These cell properties may be sustained for at least 48 h
after isolation (Yoo et al., 2007; Faraco et al., 2011; Chupeau
et al., 2013). Therefore, protoplasts are particularly useful for
studying early transcriptome responses or the dynamics of such
responses to treatments, including perturbation of gene expression.

Mesophyll protoplasts from leaves have been routinely used
for transient gene expression (Sheen, 2001; Yoo et al., 2007;
Faraco et al., 2011). Such systems have been used extensively
to study plant signal transduction. The use of mesophyll pro-
toplasts in these studies is appropriate because some signal

transduction pathways highly active in mesophyll cells are con-
served in many other meristematic cell types (Inoue et al., 2001;
Sheen, 2001; Fujii et al., 2009). At the full transcriptome level,
protoplasts from cells representing progressive developmental
stages in the Arabidopsis root were used to establish a micro-
array-based global gene expression map linking gene activity to
specific cell fates in root development (Birnbaum et al., 2003).
While protoplasts are effective experimental systems, results

from one protoplast system cannot be broadly generalized to
other cell types because many cellular processes are highly cell
or tissue specific. Tissue specificity is particularly important for
studying TF–DNA transcriptional regulatory networks because
many TFs may require a tissue-specific partner for trans-activating
or repressing the target DNA expression (Farnham, 2009; Moreno-
Risueno et al., 2010; Faraco et al., 2011). Cell- or tissue-specific
protoplasts are necessary to study biological processes that are
specific to the cells or tissues from which the protoplasts are
derived (Birnbaum et al., 2003; Fujii et al., 2009). Leaf mesophyll
protoplasts would not be appropriate for studying wood formation.
Protoplasts fromwood-forming cells, the immature differentiating

xylem cells, are the specific source for information on wood
development. The challenge is that woody plant tissues are
generally resistant to protoplast isolation (Teulieres et al., 1991;
Manders et al., 1992; Gomez-Maldonado et al., 2001; Sun et al.,
2009; Tang et al., 2010; Chen et al., 2011; Li et al., 2012). Even
for amenable woody plant tissues, protoplast isolation has never
before been designed for yield and quality adequate for trans-
genesis, transcriptome and chromatin enrichment studies.
Using Populus trichocarpa protoplasts from stem-differentiating

xylem (SDX) as a model, we have begun to describe the SND/
VND-directed functional hGRN for wood formation, beginning
with the hGRN associated with Secondary Wall-Associated NAC
Domain 1s (Ptr-SND1-B1) (Li et al., 2012). Here, we report the
establishment of an efficient SDX protoplast system for moni-
toring genome-wide Ptr-SND1-B1–induced gene transactivation
responses and a novel computational method for constructing
a hierarchical TF-DNA network. Then, we describe the integration
of the SDX protoplast system with computation and modeling for
the development of a Ptr-SND1-B1–directed functional hGRN. We
then report on the establishment of a robust ChIP assay and ChIP-
PCR analysis to demonstrate that the Ptr-SND1-B1–target inter-
actions in the protoplast-inferred hGRN are authentic in intact
differentiating xylem tissue. We further describe transcriptome
analysis (using RNA sequencing [RNA-seq] and quantitative RT-
PCR [qRT-PCR]) to verify that the transactivation effects of such
interactions in protoplasts also occur in SDX of stable P. trichocarpa
transgenics overexpressing Ptr-SND1-B1. The developed pro-
toplast system is a simple and dependable genomic tool to study
the SND/VND-directed functional hGRN for wood formation.

RESULTS

A Rapid and High-Yield Protoplast Isolation and Efficient
Protoplast Transfection System Was Developed for
P. trichocarpa SDX

We first established an SDX protoplast isolation system that would
give high protoplast yields. Greenhouse-grown P. trichocarpa at
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ages 3 to 9 months were used. We collected SDX tissue strips
(see Supplemental Methods 1 online) and used ;2 to 7 g (fresh
weight) for each protoplast isolation. Isolation protocols developed
for woody tissues (Teulieres et al., 1991; Manders et al., 1992;
Gomez-Maldonado et al., 2001; Sun et al., 2009; Tang et al.,
2010) were tested and gave very low yields, particularly from plants
3 to 4 months of age.

We then modified the transient expression in Arabidopsis
mesophyll protoplast protocol (Yoo et al., 2007) focusing on
6- to 9-month-old plants, resulting in high yields of ;2.5 3 107

protoplasts/g of fresh weight SDX. For ;2.5 g of SDX that we
usually use for each isolation, the modified protocol would allow
the generation of ;60 RNA-seq libraries. The total time needed
for processing every 2.5 g of SDX to generate protoplasts is ;4 h
(;1 h for preparing tissue strips and ;3 h for cell wall digestion).
The efficiency of this system is comparable to or better than many
others (Manders et al., 1992; He et al., 2007; Riazunnisa et al.,
2007; Yoo et al., 2007; Sonntag et al., 2008; Tang et al., 2010;
Zhang et al., 2011; Guo et al., 2012; Huddy et al., 2012; Pitzschke
and Persak, 2012); however, the throughput (;4 h for every 2.5 g
SDX) was still low. We then found that a debarked stem segment
(Figure 1; see Supplemental Figure 1 online) with intact SDX can
be used directly to release SDX protoplasts by submerging the
stem into the enzyme digestion solution. Using this stem dipping
approach, further optimization of cell wall digestion conditions led
to a major reduction of total processing time from ;3 h down to
;20 min. The trypan blue dye exclusion test demonstrated that,
after 20 min or even up to 3 h enzyme digestion under optimized
conditions,;98% of the freshly isolated SDX protoplasts are viable.

Our optimized system (using stem dipping) requires a very
short total processing time of ;25 min (from tissue harvest to
protoplast recovery) and gives a high yield (;2.5 3 107 proto-
plasts/g SDX), making it one of the most efficient protoplast
isolation systems reported (Wu et al., 2009; Tan et al., 2013).
Furthermore, our system allows protoplast isolations from mil-
ligrams to tens of grams of SDX tissue at a similar efficiency and
high protoplast yield.

We next incorporated the optimized SDX protoplast isolation
with a DNA transfection process to develop a transient transgene
expression system. We focused on polyethylene glycol (PEG)–
directed transfection and tested key reaction parameters. A
plasmid DNA (pUC19-35S-sGFP) for expressing a synthetic green
fluorescent protein gene (sGFP) (Chiu et al., 1996) under the
control of a cauliflower mosaic virus (CaMV) 35S promoter was
used as the reporter gene, and the green fluorescent protoplasts
(see Supplemental Figure 2 online) were counted to estimate the
transfection efficiency. We readily achieved at least 30% transfection
efficiency using several combinations of parameters (Table 1).

Finally, we tested the entire system (optimized isolation and
transfection) with SDX isolated from greenhouse-grown plants
at different seasons, ages (6 to 9 months), and developmental
stages (internodes 10 to 40). The system is robust, independent
of these factors, and gives consistent results: (1) ;25-min total
isolation time, (2) high yields (;2.5 3 107 protoplasts/g SDX),
and (3) 30% transfection efficiency.

We then used this protoplast system as a transient transgenic
model to learn the Ptr-SND1-B1–directed functional hGRN for wood
formation. We first used qRT-PCR to test the specific transcriptional

responses of the protoplast system to the overexpression of
Ptr-SND1-B1.

The P. trichocarpa SDX Protoplast System Provides in Vivo
Evidence That Ptr-SND1-B1 Is a Transcriptional Activator of
Ptr-MYB002 and Ptr-MYB021

We transfected the SDX protoplasts with a plasmid DNA
(pUC19-35S-PtrSND1-B1-35S-sGFP) for simultaneous expres-
sion of Ptr-SND1-B1 and sGFP, each under the control of
a CaMV 35S promoter. A portion of the same batch of proto-
plasts was also transfected with a pUC19-35S-sGFP plasmid as
a control. After 12 h, PCR analysis of total RNAs from the trans-
fected protoplasts using gene-specific primers (Shi and Chiang,
2005) confirmed a high level of Ptr-SND1-B1 transcript from the
genomic DNA of the Ptr-SND1-B1 transgene. qRT-PCR analysis
demonstrated that overexpression of Ptr-SND1-B1 in SDX
protoplasts increased the transcript levels of two R2R3-MYB-
type transcription factor genes, Ptr-MYB002 and Ptr-MYB021,
by 10- to 20-fold (Figure 2). Ptr-MYB002 and Ptr-MYB021 are
phylogenetically paired MYB homologs in the P. trichocarpa
genome (Li et al., 2012). We previously demonstrated that the
Ptr-MYB021 gene is a direct regulatory target of Ptr-SND1-B1

Figure 1. P. trichocarpa Stem Dipping Approach for SDX Protoplast
Isolation.

(A) A 10-cm stem segment.
(B) A debarked stem segment.
(C) Debarked stems in the cell wall digestion enzyme solution in a 50-mL
Falcon tube for SDX protoplast isolation.
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(Li et al., 2012). This and current results demonstrated that, in
P. trichocarpa, Ptr-SND1-B1 is a positive and direct regulator of
a pair of sequence-related MYB homologs. We next tested
whether the transcriptome of the SDX protoplasts is represen-
tative of that of developing xylem.

RNA-Seq Results Reveal That P. trichocarpa SDX
Protoplasts and SDX Tissue Share High
Transcriptome Identity

We performed RNA-seq to profile the genome-wide transcript
abundance of SDX protoplasts and of SDX tissue isolated from
the same, 6-month-old, greenhouse-grown clonal plants. High-
quality RNAs (see Supplemental Figure 3 online) were isolated
from these materials for constructing RNA-seq libraries, which
gave ;7 million reads per library. After mapping the reads to
the P. trichocarpa genome (http://www.phytozome.com) using
TOPHAT (Trapnell et al., 2009), transcripts of 38,066 and 35,994
genes were detected for SDX protoplasts and SDX tissue, re-
spectively. Approximately 96% of the genes in SDX, or wood-
forming tissue, are present in the protoplasts, suggesting that
the SDX protoplasts can be a simple and effective model for
studying transcriptome responses associated with wood formation.
We then used RNA-seq to profile transcriptome changes in SDX
protoplasts overexpressed with Ptr-SND1-B1 to identify the dif-
ferentially expressed genes (DEGs) and evaluate their causal and
hierarchical interactions with Ptr-SND1-B1.

Overexpression of Ptr-SND1-B1 in SDX Protoplasts Induces
a Small Set of DEGs

We characterized the transcriptome changes in protoplasts
transfected with Ptr-SND1-B1-sGFP compared with sGFP
transfected control. We first used qRT-PCR to quantify alterations
in Ptr-MYB021 transcript levels to estimate the time needed for the
transcriptome changes to take place and possible time-dependent

variation. SDX protoplasts from a single plant (6 months old)
were transfected and incubated at room temperature for 2, 7,
12, 21, 25, 31, and 45 h, with three to five biological replicates
(each from a different clonal propagule) and three technical re-
peats for each biological replicate at each time point. A signifi-
cant increase (4.39 6 0.46 fold, mean 6 SE) in Ptr-MYB021
transcript level was first observed at 7 h after transfection. The
largest increase (12.43 6 3.20) was detected at 21 h. All the
increases were significant between 7 and 31 h after transfection.

Table 1. Optimization of PEG-Mediated P. trichocarpa SDX Protoplast DNA Transfection

Plasmid DNA Purification DNA/Cell Ratio

PEG

Transfection Time (min) Transfection EfficiencyaType % (v/v)

Qiagen mini 10 µg/2 3104 PEG4000 40 10 <5% (n > 10)
Qiagen midi 10 µg/2 3104 PEG4000 40 10 15% (n > 10)
CsCl gradient 30 µg/2 3104 PEG4000 40 10 30% (n > 10)
CsCl gradient 20 µg/2 3104 PEG4000 40 10 30% (n > 10)
CsCl gradient 10 µg/2 3104 PEG8000 40 10 <5% (n = 1)
CsCl gradient 10 µg/2 3104 PEG6000 40 10 <15% (n = 1)
CsCl gradient 10 µg/2 3104 PEG4000 10 10 <5% (n = 1)
CsCl gradient 10 µg/2 3104 PEG4000 20 10 <15% (n = 1)
CsCl gradient 10 µg/2 3104 PEG4000 40 0.5 <30% (n = 2)
CsCl gradient 10 µg/2 3104 PEG4000 40 5 30% (n = 2)
CsCl gradient 10 µg/2 3104 PEG4000 40 10 30% (n > 10)b

CsCl gradient 10 µg/2 3104 PEG4000 40 15 30% (n > 10)
CsCl gradient 10 µg/2 3104 PEG4000 40 30 <30% (n = 2)
CsCl gradient 10 µg/2 3104 PEG4000 40 60 <15% (n = 2)
an represents the number of biological replicates of transfection efficiency test (see Methods) for each set of conditions.
bThe optimized SDX protoplast transfection condition used for all Ptr-SND1-B1 overexpression experiments.

Figure 2. Ptr-SND1-B1 Is a Transcriptional Activator of Ptr-MYB002 and
Ptr-MYB021.

qRT-PCR was used to quantify the transcript abundance of Ptr-MYB002
(A) and Ptr-MYB021 (B) in P. trichocarpa SDX protoplasts over-
expressing Ptr-SND1-B1 or sGFP (control). Three biological replicates
(SDX protoplasts from wild-type [WT] trees 1, 2, and 3) were performed.
Error bars represent SE of three qRT-PCR technical replicates.
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Approximately 95% of the protoplasts remained viable 45 h after
transfection. We then focused on full transcriptome responses to
Ptr-SND1-B1 overexpression at 7, 12, and 25 h after transfection.
The resulting RNA sequences were mapped to the P. trichocarpa
genome to obtain read counts as described above.

Scatterplots of transcript abundance (read counts) between
Ptr-SND1-B1-sGFP and sGFP (control) transfected protoplasts
were used to evaluate the effect of Ptr-SND1 overexpression
(Figure 3). The scatterplots show strong Pearson correlations
between read counts of expressed genes of PtrSND1-B1-sGFP
and sGFP, with coefficients of 0.98 6 0.002, 0.99 6 0.002, and
0.99 6 0.002 for 7, 12, and 25 h, respectively (Figure 3). These
high coefficients reflect that the effects of Ptr-SND1-B1 over-
expression are highly specific, causing only a very small number
of genes (178) to be differentially expressed (P < 0.05; see
Supplemental Data Set 1 online). These 178 DEGs, representing
the total from the three time points, were identified using edgeR
(Robinson et al., 2010) by comparing the transcript abundance
of each gene between the PtrSND1-B1-sGFP transfection and
the sGFP transfection control. Of these 178 DEGs, 14 are TF genes.
We next studied the functional implications of these DEGs in wood
formation.

Gene Ontology Functional Enrichment Analysis Indicates
Cell Wall Association for Many DEGs Induced by PtrSND1-B1

To explore the functional significance of the 178 DEGs, the g:
Profiler Web server (http://biit.cs.ut.ee/gprofiler/; Reimand et al.,
2011) was used to analyze for specific functional enrichment.
The enrichment analysis is based on the gene ontology (GO)
annotation of the Ensembl genome (http://www.ensembl.org).
The results showed 603 GO terms for all 178 DEGs identified in
this study. Twenty-nine of the 603 GO terms showed highly
significant functional enrichment with five major GO hierarchical
classes (see Supplemental Table 1 online). They are (1) cellular
aromatic compoundmetabolism, (2) cellular component biogenesis,
(3) oxidation reduction, (4) extracellular location, and (5) ion
binding. These five major GO hierarchical classes contain 44 DEGs
(see Supplemental Table 2 online). The GO subgroups of these
five major classes contain significant enriched functional asso-
ciations with phenylpropanoid and lignin metabolic processes
and cell wall biogenesis. Therefore, the Ptr-SND1-B1–induced
DEGs in the SDX protoplasts are associated with cell wall formation.
We then analyzed the causal interactions between Ptr-SND1-B1
and these DEGs.

The Time-Dependent Induction of DEGs Suggests
a PtrSND1-B1–Directed hGRN

Pairwise comparisons of transcript abundance at different time
points (Figure 3) show that the transcriptome responds differen-
tially over time after Ptr-SND1-B1 transfection. The Ptr-SND1-B1
transcripts had the highest level of abundance at 7 h, decreasing
at 12 and 25 h (Figure 3). Similarly, the total number of DEGs was
the highest at 7 h and decreased with increasing time. Among the
178 DEGs, 122 (92 + 13 + 13 + 4 in Venn diagram; Figure 4; see
orange columns in Supplemental Data Set 1 online) appeared to
respond immediately at 7 h. The remaining 56 (23 + 10 + 23 in

Figure 3. The Effects of Ptr-SND1-B1 Overexpression in SDX Proto-
plasts Are Highly Specific.

Scatterplots of the average of RNA-seq read counts from three biological
replicates of Ptr-SND1-B1 and sGFP (control) transfected SDX proto-
plasts show high Pearson correlation coefficients after 7- (A), 12- (B),
and 25-h (C) incubation, demonstrating the high specificity of trans-
activation effects of Ptr-SND1-B1. Red dots indicated by arrows repre-
sent the transcript abundance of Ptr-SND1-B1.
[See online article for color version of this figure.]
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Venn diagram; Figure 4; see green columns in Supplemental
Data Set 1 online), found only after 12 h and 25 h incubation,
have a delayed response to Ptr-SND1-B1 overexpression. These
differential responses to Ptr-SND1-B1 overexpression strongly
suggest a Ptr-SND1-B1–directed hGRN. The immediate-response
group (122 genes, containing Ptr-MYB002 and Ptr-MYB021) likely
includes direct regulatory targets of Ptr-SND1-B1, whereas the
delayed-response group of 56 genes are candidates for lower
layers of the Ptr-SND1-B1 regulatory hierarchy.

In addition to this experimental approach (Method A in Figure 4),
we next developed a computational method (Method B in Figure 4)
to infer direct targets. We expected that the authentic direct

targets can be commonly identified by two independent methods
(Figure 4). The computational method is a two-step approach:
Step I (Figure 4) is a combination of Fisher’s exact test (Fisher,
1922, 1925) and a probability-based method developed in this
study (see Methods) to screen the 178 DEGs for genes whose
expression is highly concordant with the expression of the
Ptr-SND1-B1 transgene. We call these concordant DEGs re-
sponsive genes. Step II (Figure 4), which we developed previously
(Lu et al., 2013), uses a partial correlation-based graphical Gaussian
model (GGM) (Whittaker, 1990; Edwards, 2000) for a vigorous
assessment of direct interactions between Ptr-SND1-B1 and
responsive genes to infer Ptr-SND1-B1’s direct targets.

Figure 4. The Workflow for Constructing the Ptr-SND1-B1–Directed Quantitative Functional hGRN in Wood Formation.

SDX protoplasts were isolated using the dipping method and transfected with Ptr-SND1-B1 to result in 178 DEGs based on RNA-seq analysis. Method
A (time-dependent method) was used to identify 122 immediate response genes (orange area). Method B (computational method) was used to infer Ptr-
SND1-B1’s direct targets. Step I is a combination of Fisher’s exact test and a probability-based method to identify responsive genes of Ptr-SND1-B1
based on expression concordance. Step II is a combination of GGM and multiple testing corrections for assessment of direct interactions between Ptr-
SND1-B1 (B1) and responsive gene pairs (Gene A and Gene B) to infer Ptr-SND1-B1’s direct targets (84 candidate direct targets in red box; see
Methods). Through the integration of Methods A and B, 76 direct targets of Ptr-SND1-B1 were identified. ChIP-PCR for SDX and stable transgenic
P. trichocarpa were used to validate Ptr-SND1-B1’s direct targets to reveal a Ptr-SND1-B1–directed quantitative functional hGRN. In this hGRN
example, B1 indicates Ptr-SND1-B1 at the top and red nodes represent the Ptr-SND1-B1’s direct targets (second-layer constituents). The direct targets
1, 2, 3, 4, and 5 are activated by Ptr-SND1-B1 for V, W, X, Y, and Z fold increase (based on RNA-seq), respectively.
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A Probability-Based Computational Approach Identifies
a Group of DEGs That Are Responsive to the Expression
of Ptr-SND1-B1

To identify Ptr-SND1-B1–responsive genes, we combined Fisher’s
exact test (at low stringency, P < 0.25) with the probability-based
method to screen the 178 DEGs for those having high expression
concordance with the Ptr-SND1-B1 transgene (Step I in Figure 4).
Because a high expression concordance is indicative of a strong
causal relationship, DEGs having such concordances with trans-
gene Ptr-SND1-B1 are therefore more likely to be regulated directly
by this transgene. To define the expression concordance, we first
scaled the transcript abundances of all DEGs and Ptr-SND1-B1
and discretized them arbitrarily into four levels (1, 2, 3, and 4 in x
and y axes in Figure 5; see Methods). Based on pairwise com-
parisons of the expression levels, we projected possible expres-
sion concordances with expression features (DEG:Ptr-SND1-B1
expression ratios) that suggest strong causal relationships
(Figure 5). The values of the expression features of all these con-
cordances are continuous and are bordered by two extremes in
two concordance types, Types I and IV (Figure 5). Type I, the
concurrent type, specifies that the expression of the DEG is at
the same level as that of the transgene Ptr-SND1-B1 (Figure 5A).
Type IV, the inverse concordance, where the expression level of
DEG is exactly opposite to that of Ptr-SND1-B1 (Figure 5D). The
expression feature values of the other concordance types can
be divided into discrete counterparts for analysis. For simplicity,
these concordances were discretized here into two types, Types
II and III, each having a unique set of the DEG:Ptr-SND1-B1 ex-
pression ratios (Figures 5B and 5C). We then used our probability-
based algorithm (see Methods) to evaluate each DEG:Ptr-SND1-B1
expression value for the type of expression concordance. Any
DEG with the expression that fits with at least one of the four
concordance Types with a P value > 0.1 was then classified as
a responsive gene. We identified 90 responsive genes (see
Supplemental Data Set 2A online) from the 178 DEGs. We then
used GGM to model these 90 responsive DEGs to infer the direct
targets of Ptr-SND1-B1.

Graphical Gaussian Modeling of Regulatory Interference
Allows Inference of Direct Targets of PtrSND1-B1

We applied GGM to subsets of three genes and examined the
expression dependence between two of the genes (a pair of the
responsive genes) conditional on the third (Ptr-SND1-B1) for reg-
ulatory inference to identify Ptr-SND1-B1’s direct targets (Step II in
Figure 4). The underlying idea is that a TF would target multiple
genes and that the overexpression of a TF would most strongly
affect the expression of its target genes in two possible ways: (1)
Two such target genes become more significantly coexpressed,
and (2) two significantly coexpressed target genes become no
longer coexpressed. We then used GGM to examine the three-
gene subset for effects of Ptr-SND1-B1 transgene overexpression
on the expression of the 90 responsive genes. If the effect co-
incides with either one of the two possibilities described above, we
then considered that Ptr-SND1-B1 interferes directly with the pair
of the responsive genes.

When all possible combinations of Ptr-SND1-B1 and two genes
from the responsive gene pool were examined for interference, we

sorted all the three-gene subsets by P values, as indicators of
interference intensity. We then performed multiple testing cor-
rections (Benjamini and Hochberg, 1995) on these P values to
obtain the significant three-gene subsets with a false discovery
rate < 0.05. The times for each responsive gene that has ap-
peared in the significant subsets were then summed to represent
the frequency of interference. Of the 90 Ptr-SND1-B1–responsive
genes, 84, which include 10 TFs, were interfered by Ptr-SND1-B1
at least one time and were considered the direct targets of
Ptr-SND1-B1 (see Supplemental Data Set 2 online).

Integration of Computational and Experimental Approaches
Identifies a Unique Set of PtrSND1-B1’s Direct
Regulatory Targets

We integrated the computational and time-dependent gene ex-
pression methods to identify direct regulatory targets of
Ptr-SND1-B1. Any targets identified by one method but ex-
cluded by the other were disqualified. The time-dependent
method classified 122 DEGs in the immediate response group
as the putative direct targets (orange area in Method A, Figure
4). Of the 84 computationally inferred direct targets (red framed
in Figure 4), 76 belong to this immediate response group and
eight to the delayed response group. These eight DEGs were
then disqualified because they were excluded by the time-
dependent method. Consequently, only the 76 DEGs, inferred
by the computational method and commonly included by both
methods, were most likely the authentic direct regulatory target
genes of Ptr-SND1-B1 (see Supplemental Table 3 online).
A considerable amount of work has been done on predicting

secondary wall NAC binding element (Zhong et al., 2010; Wang

Figure 5. Types of Expression Concordances between the DEG and Ptr-
SND1-B1 That Suggest Strong Causal Relationships.

Each of the four expression concordance types has a unique set of DEG:
Ptr-SND1-B1 transcript level ratios.
(A) Type I, the DEG:Ptr-SND1-B1 ratios are 1:1, 2:2, 3:3, and 4:4.
(B) Type II, 2:1, 1:2, 2:3, 3:4, 4:3, and 3:2.
(C) Type III, 3:1, 2:2, 1:3, 2:4, 3:3, and 4:2.
(D) Type IV, 4:1, 3:2, 2:3, and 1:4.
[See online article for color version of this figure.]
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et al., 2011) and treachery element regulating binding motifs
(Kubo et al., 2005; Pyo et al., 2007) in Arabidopsis gene pro-
moters. These putative motif sequences could be used to predict
Ptr-SND1-B1-DNA binding for these 76 inferred targets. However,
we proceeded from experimentally determined direct TF-DNA
binding. We used ChIP to verify whether the 76 inferred targets
are bound by Ptr-SND1-B1 in vivo in intact differentiating xylem
tissue.

ChIP-PCR Validates That PtrSND1-B1’s Direct Target Genes
Inferred by the Protoplast System Are the Authentic Targets
in the SDX Tissue

We modified the Arabidopsis ChIP assay (Kaufmann et al., 2010;
Li et al., 2011) to overcome difficulties associated with woody
tissues and developed a robust anti-TF antibody-based ChIP
protocol for P. trichocarpa SDX tissue (see Methods). The TF-
specific antibody allows the characterization of the native state
of the TF-DNA binding. Positive Ptr-SND1-B1-target binding in
chromatin directly from SDX would verify that targets inferred by
the protoplast system are the authentic direct targets of Ptr-
SND1-B1 in intact differentiating xylem for wood formation.

We tested the antibody specificity to ensure high levels of
specific Ptr-SND1-B1-target complex enrichment over non-
specific DNA-protein immunoprecipitation from loci bound by
Ptr-SND1-B1 homologs. Ptr-SND1-B1 has three other family
members (SND1-A1, SND1-A2, and SND1-B2) in the genome,
and all these share high protein sequence identities at the
conserved N-terminal NAC domain (Xie et al., 2000; Ernst et al.,
2004; Li et al., 2012). Their sequences at the C-terminal acti-
vation domain are divergent (Xie et al., 2000; Ernst et al., 2004;
Li et al., 2012). We then identified a C-terminal polypeptide
unique to Ptr-SND1-B1 and used it as the immunogen to make
polyclonal antibodies. The specificity of this antibody was tested
against purified Escherichia coli recombinant proteins from the
four Ptr-SND1 members in the form of N-terminal glutathione
S-transferase (GST)–tagged fusion proteins. These four Ptr-SND1
member proteins could be recognized by the monoclonal anti-GST
antibodies, but only Ptr-SND1-B1 could be detected by anti-
PtrSND1-B1-peptide antibodies (Figure 6A; see Supplemental
Figure 4A online), demonstrating the specificity of this anti-
PtrSND1-B1 antibody.

We then used ChIP-PCR to validate the in vivo Ptr-SND1-B1-
target binding. We performed PCR amplification of ChIP DNA
products focusing on the 2-kb promoter sequence (2000 to 1
bp) upstream of the translation start site of the candidate gene,
where TF binding sites are generally located (Thibaud-Nissen
et al., 2006; Farnham, 2009; Heisig et al., 2012). PCR was first
performed to amplify the enriched DNA products for the pro-
moter sequence (500 to 1 bp) of the candidate gene (Figure 6B).
If no amplification could be detected, we then performed additional
PCR to amplify the 2000- to 500-bp promoter sequence (see
Supplemental Figure 5A online).

From the 76 inferred direct target genes (see Supplemental
Table 3 online), we selected 15, which includes all 10 TFs (DEG001
to DEG009 and DEG011; Figure 6C) in this category and five en-
zyme encoding genes (DEG031, DEG053, DEG083, DEG120, and
DEG169), for ChIP-PCR validation. One of the TFs, Ptr-MYB021,

a previously validated target of Ptr-SND1-B1 (Li et al., 2012),
served as a positive control. Similarly, the five enzyme encoding
genes (Figure 6C) were chosen because their Arabidopsis homo-
logs were shown to be direct targets of AtSND1 in Arabidopsis leaf
protoplasts overexpressing At-SND1 (Zhong et al., 2010).
ChIP experiments were conducted on chromatin isolated from

P. trichocarpa SDX of 6-month-old trees. We observed robust
enrichment of Ptr-SND1-B1 in the 2-kb promoter region of all
these 15 selected targets (Figure 6C), validating that these inferred
targets are authentic direct regulatory targets of Ptr-SND1-B in
vivo in SDX. These 10 TFs include one NAC, four MYBs, four
zinc finger family genes, and a gene encoding an integrase-type
DNA binding protein. The NAC gene is Ptr-SND1-L-2, an SND1-
like NAC domain protein that shares 47% sequence identity with
Ptr-SND1-B1 (Li et al., 2012). Phylogenetically, the protein sequence
of Ptr-SND1-L-2 is in the same clade as the SND1s and VNDs, both
involved in the regulation of secondary cell wall thickening (Hu
et al., 2010). The fourMYBs include a pair of paralogs, Ptr-MYB002
and Ptr-MYB021 (Li et al., 2012), and two other MYB related TFs
(DEG004 and 005). Ptr-MYB002 and Ptr-MYB021 are the two
orthologs of Arabidopsis MYB46, predicted to directly regulate
several laccase genes that are associated with lignin biosynthesis
(Berthet et al., 2011; Kim et al., 2012a).
Homologs of only two (Ptr-MYB002 and an integrase-type TF,

DEG006; see Supplemental Table 3 online) of these 10 authentic
direct target TFs in P. trichocarpa SDX have previously been re-
ported as the direct targets of At-SND1 in an Arabidopsis leaf
protoplast system (Zhong et al., 2010). The ChIP-PCR analysis
revealed that, based on the number of genes tested, our approach,
integrating time-dependent and computational methods, can
effectively identify the authentic direct targets with 100% accuracy.
From the 46 DEGs (see Supplemental Data Set 3A online) that

were not considered direct targets by our integrated method
(Figure 4), we randomly selected six for ChIP-PCR assay. These
six included four TF (DEG010, DEG012, DEG013, and DEG014;
Figure 6C) and two enzyme (DEG045 and DEG172; Figure 6C)
coding genes. No enrichment of Ptr-SND1-B1 could be de-
tected in the 2-kb promoter of five of these six genes (Figure 6C;
see Supplemental Figure 5B online). We next selected six of the
eight DEGs (see Supplemental Data Set 3B online) that were
excluded from the direct targets by the time-dependent method
and tested by ChIP-PCR (Figure 4). No enrichment of Ptr-SND1-B1
could be detected in the 2-kb promoter of any of these six DEGs
(Figure 6C; see Supplemental Figure 5B online). Likewise, six
randomly selected DEGs from the group of 48 (see Supple-
mental Data Set 3C online) that were excluded by both time-
dependent and computational methods were also excluded by
ChIP-PCR analysis (Figure 6C; see Supplemental Figure 5B
online). Overall, ChIP-PCR analysis of 33 Ptr-SND1-B1–induced
DEGs validated the identities of 32 of them in vivo in intact SDX
as either direct or indirect targets of Ptr-SND1-B1, demonstrating
the accuracy (32/33, 97%) of our system (SDX protoplasts +
computation) in identifying the direct regulatory targets of Ptr-
SND1-B1. The results further indicated that SDX protoplasts are
representative of intact SDX for revealing hGRNs in xylem differ-
entiation or wood formation.
The transgenic SDX protoplast system together with ChIP-PCR

analysis revealed a two-layered regulatory hierarchy directed by
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Figure 6. ChIP-PCR Validation of Inferred Direct and Indirect Targets of Ptr-SND1-B1.

(A) Protein gel blot for antibody specificity. Purified Ptr-SND1-A1 (A1), Ptr-SND1-A2 (A2), Ptr-SND1-B1 (B1), and Ptr-SND1-B2 (B2) E. coli recombinant
proteins fused with GST tag at the N terminus were probed with the anti-GST and anti-PtrSND1-B1 antibodies, respectively. A full-size protein gel blot is
shown in Supplemental Figure 4 online.
(B) A simplified gene structure to indicate the locations of the amplified promoter sequences. The thick line corresponds to a gene promoter that drives
its gene represented by the rectangle. The arrowheads show the promoter sequence location for primer design.
(C) ChIP-PCR assays of selected genes from each DEG category using chromatin from differentiating xylem and anti-PtrSND1-B1 antibody. The 76 in
the orange area and red box is the number of candidate direct targets derived from the computational and time-dependent methods. The 8 in the green
area and red box represents the indirect targets excluded by time-dependent method. The 46 in the orange area and 48 in the green area indicate the
indirect targets excluded by the computational method and the time-dependent method, respectively. The DEG ID number of selected genes is shown
in parentheses (see Supplemental Table 1 online). Input, Mock and Anti-B1 are PCR reactions using the chromatin preparations before immunopre-
cipitation, immunoprecipitated with preimmune serum and immunoprecipitated with anti-PtrSND1-B1 antibody, respectively. Ptr-ACTIN was used as
a negative control. Three independent biological replicates of ChIP assays were performed, and the results of one biological replicate are shown.
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Ptr-SND1-B1 (at the top; Figure 7). In this hierarchy, Ptr-SND1-B1
directly regulates 76 target genes (the second layer), including
10 TFs. We next built a part of the third layer of the hierarchy from
two second-layer TFs, Ptr-MYB002 and Ptr-MYB021, using the
computational approach.

The SDX Protoplast System Reveals a PtrSND1-B1–Directed
Regulatory Hierarchy

As described above, 84 (Figure 4) of the 178 DEGs are the com-
putationally inferred direct targets of Ptr-SND1-B1. Likely, the re-
maining 94 DEGs consist of direct targets of the TFs in the lower
(second and third) layers of the Ptr-SND1-B1–directed hGRN.
Therefore, these remaining 94 DEGs can be used as input for
computationally inferring the direct targets of the second-layer TFs.
We selected Ptr-MYB002 and Ptr-MYB021 to test this approach.
We selected these two MYBs because the direct targets of Arabi-
dopsis MYB46 (the ortholog of Ptr-MYB002 and Ptr-MYB021)
have been proposed or validated (Kim et al., 2012a, 2012b),
providing a basis to assess the robustness of the approach. The
probability-based algorithm identified 12 and 14 Ptr-MYB002–
and Ptr-MYB021–responsive genes, respectively (see Supplemental
Data Set 4 online). From the Ptr-MYB–specific responsive genes,
GGM inferred nine direct targets for Ptr-MYB002 and 11 for Ptr-
MYB021 (Figure 7; see Supplemental Data Set 5 online).

The two Ptr-MYBs target a total of 12 unique genes, of which
eight are common targets, including five homologs of laccase
genes (Ptr-LAC14, Ptr-LAC15, Ptr-LAC40, Ptr-LAC41, and Ptr-
LAC49; Figure 7), suggesting redundant or combinatorial regu-
latory roles for these two sequence related Ptr-MYBs. The five
Ptr-LACs and Arabidopsis LAC4 are homologs and were shown
to control lignin quantity in P. trichocarpa (Lu et al., 2013) and
Arabidopsis (Berthet et al., 2011), respectively. At-LAC4 is
a predicted direct target of At-MYB46 based on the MYB46-
responsive cis-acting binding site (RKTWGGTR) in the At-
LAC4 gene promoter. All these 12 inferred direct targets of the
two Ptr-MYBs have at least one exact RKTWGGTR binding site
in the 2-kb proximal promoter region (see Supplemental Data
Set 5 online). These results strongly suggest that the 12 in-
ferred genes are authentic direct targets of Ptr-MYB002
and Ptr-MYB021 and further demonstrate the accuracy of
our integrated approach (Figure 4) in identifying direct TF–DNA
interactions.
Finally, we used stable transgenic P. trichocarpa to verify the

adequacy of using the protoplast/computation system to study
gene regulation that occurs in intact wood forming tissue at the
whole-plant level. We tested whether the SDX protoplast-inferred
TF–DNA interactions and the regulatory effects of these inter-
actions also take place in SDX of transgenic P. trichocarpa
plants overexpressing Ptr-SND1-B1.

Figure 7. Ptr-SND1-B1–Directed Quantitative Functional hGRN in Wood Formation.

Ptr-SND1-B1 is at the top (first layer) of this hGRN. The second layer of the hGRN consists of 76 Ptr-SND1-B1 direct targets (second layer) inferred from the
integration of the time-dependent and computational methods. Among these 76 direct targets, 10 TFs (red nodes) and five enzymes (blue nodes) were validated
by ChIP-PCR in SDX. Two of the 10 TFs are PtrMYB021 and PtrMYB002 as indicated. On the third layer, 11 direct targets for PtrMYB021 and nine for
PtrMYB002 (green nodes) were inferred using the computational approach. PtrMYB002 and 021 share eight common direct targets, of which five are laccase
genes (Ptr-LAC14, Ptr-LAC15, Ptr-LAC40, Ptr-LAC41, and Ptr-LAC49). The number in the nodes indicates the DEG ID number. The number above the Ptr-
SND1-B1’s direct targets represents the log2 fold change of the direct targets in SDX protoplasts induced by Ptr-SND1-B1 overexpression. The Ptr-SND1-B1’s
direct targets are displayed based on the induction level by Ptr-SND1-B1 overexpression in an increasing order from left to right.
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Transgenic P. trichocarpa Overexpressing Ptr-SND1-B1
Further Proves That PtrSND1-B1’s Direct Target Genes
Are Overexpressed in the SDX Tissue

Thirteen transgenic P. trichocarpa lines overexpressing Ptr-SND1-B1
driven by a CaMV 35S promoter were generated, and three with
the highest transgene transcript levels (Figure 8) were selected
and maintained in a greenhouse. We quantified the transcript
levels of the 10 ChIP-PCR positive TF targets in the SDX of
these three transgenic lines and found that the expression of all
these targets was upregulated by 2- to 25-fold (Figure 9B). The
expression of four of the five ChIP-PCR–verified enzyme encod-
ing targets was also induced by ;2- to 50-fold in the transgenics
(Figure 9C). Six additional genes were randomly selected from the
inferred direct targets for qRT-PCR, and five of them had in-
creased transcript levels (approximately two- to eightfold in-
creases) in the transgenics (Figure 9D). Overall, ;90% (19/21) of
the protoplast-inferred TF–DNA interactions tested were validated
for their regulatory effects in intact transgenic SDX at the whole-
plant level. The validation suggests that our protoplast/compu-
tation system is sufficient to reveal tissue- or cell-specific TF-DNA
regulatory networks, without using stable and whole-plant
transgenics.

In summary, the results and insights demonstrate the value of
the SDX system (SDX protoplast expression + computation) for
understanding the hierarchical structure of transacting regula-
tion in xylem differentiation for wood formation.

DISCUSSION

In this study, we used P. trichocarpa SDX protoplasts as a model
system to begin to reveal the hierarchy of transcriptional regula-
tion of xylogenesis (wood formation). Plant cell protoplasts are
known to maintain their differentiated state without dediffer-
entiation in isotonic solutions and are simple experimental sys-
tems, much like mammalian cell lines, for studying specific
cellular activities (Davey et al., 2005). SDX protoplasts are ex-
pected to retain specific cellular and transcriptomic potentials
for wood formation.

We first developed a robust SDX protoplast isolation and
PEG-mediated DNA transfection system suitable for genome-
wide high-throughput transient gene expression and transactivation
analysis. The system provides information on gene perturbation
responses in only a few days, and many experiments can be
performed in parallel. Using RNA-seq, we demonstrated that the
transcriptome of the SDX protoplast is highly (;96%) repre-
sentative of that of the intact SDX tissue. To study the hGRN for
wood formation, we perturbed Ptr-SND1-B1 expression in SDX
protoplasts. In all protoplast perturbation experiments reported
here, we overexpressed Ptr-SND1-B1 using a vector containing
a sGFP gene and compared that to transfection of the same
vector lacking this TF gene. The Pearson correlation coefficients
of transcript abundance between these two constructs are very
high (0.98 to 0.99; Figure 3) and provide efficient detection of
DEGs resulting from the overexpression of Ptr-SND1-B1. These
high coefficients also strongly indicate high specificity of Ptr-
SND1-B1–directed regulatory effects, consistent with the small
number of genes (178 DEGs) that were differentially expressed.

Therefore, the protoplasts are an efficient system for genome-
wide quantification of transregulation of TF–target DNA interactions.
To map direct TF–DNA interactions during wood formation, we
established a ChIP assay system for the differentiating xylem
tissue of P. trichocarpa.
A common ChIP-based approach to map in vivo TF–DNA in-

teractions in Arabidopsis is the use of a transgenic tagged TF to
engineer these interactions, which can then be immunoprecipitated
through the tag. The results of this approach are insightful, if the
transgenic tagged TF is functionally identical to the native TF. This
functional identity must be validated through demonstration that
the tagged TF can functionally complement the specific loss-of-
function phenotype. This tagged TF approach is not applicable
to woody plants because no TF mutants are known for these
species. Here, we developed an anti-TF antibody-based ChIP
approach to map in vivo TF–DNA interactions in intact secondary
differentiating xylem. This TF-specific antibody approach allows
more exclusive enrichment of the genomic regions that are bound
to the specific native TF of interest.
The SDX protoplast-based system (SDX protoplast expres-

sion + computation) allowed us to infer a hierarchical layer of 76
genes immediately downstream of Ptr-SND1-B1 (Figure 7). We
used ChIP-PCR and transgenic P. trichocarpa overexpressing
Ptr-SND1-B1 to validate this hierarchical network. We selected
15 genes (including all 10 inferred direct TF genes) of the second
hierarchical layer (Figure 6C) for ChIP-PCR using chromatin from

Figure 8. Overexpression of Ptr-SND1-B1 in Transgenic P. trichocarpa
Plants.

Ptr-SND1-B1, driven by a 35S promoter, was overexpressed in P. tri-
chocarpa. The transcript abundance of Ptr-SND1-B1 in three wild-type
(WT) plants and three selected transgenic lines (B1-1, B1-2, and B1-4)
was estimated by qRT-PCR. The average of three biological replicates of
wild-type plants was set as 1. Error bars in three transgenic lines rep-
resent the SE of three qRT-PCR technical replicates.
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Figure 9. Validation of Ptr-SND1-B1’s Direct Targets in Stable Transgenic P. trichocarpa.

Ptr-SND1-B1’s direct target genes derived from the SDX protoplast system were verified by qRT-PCR for their induced expression in differentiating
xylem of stable transgenic P. trichocarpa overexpressing Ptr-SND1-B1.
(A) The same two-layered hGRN in Figure 8 is shown here. Arrows indicate the selected targets for qRT-PCR tests in transgenic P. trichocarpa.
(B) to (D) The transcript abundance ChIP-PCR verified TFs (red nodes) (B), ChIP-PCR verified enzyme genes (blue nodes) (C), and inferred enzyme gene
targets (green nodes) (D) were quantified by qRT-PCR in three wild-type (WT) and three Ptr-SND1-B1 transgenic lines (B1-1, B1-2, and B1-4). DEG083
(shaded in [C]) and DEG090 (shaded in [D]) were two genes not affected by Ptr-SND1-B1 overexpression in stable transgenic P. trichocarpa. The
average of three biological replicates of wild-type plants was set as 1. Error bars in three transgenic lines represent the SE of three qRT-PCR technical
replicates.
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intact SDX (not from SDX protoplasts). We confirmed that all 15
are Ptr-SND1-B1’s direct targets in vivo in differentiating xylem
(Figure 6C). Fourteen of these 15 genes and five of six additional
genes from the second hierarchical layer (19 out of 21) were
further found to have significantly increased transcript levels in
SDX of the transgenic P. trichocarpa (Figure 9). These verifications
demonstrated that the protoplast-inferred Ptr-SND1-B1 regulation
hierarchy is functional in SDX, the wood-forming tissue.

Our use of the SDX protoplast system revealed a novel Ptr-
SND1-B1–directed hGRN for wood formation. Ptr-SND1-B1 is
the immediate transactivator of 10 TFs (Figure 7), of which two
(Ptr-MYB002 and an integrase-type TF; see Supplemental Table
3 online) have homologs in Arabidopsis identified as SND1 targets,
and the remaining eight (DEG001, DEG003, DEG004, DEG005,
DEG007, DEG008, DEG009, and DEG011; see Supplemental Table
3 online) are novel SND1 targets. One of these eight regulatory
targets is a Ptr-SND1 family member, Ptr-SND1-L-2, and such
transactivation suggests autoregulation among NAC family
members in the SND/VND regulatory hierarchy. The involvement
of another novel target, a zinc finger family protein (DEG007 in
Supplemental Table 3 online), in this wood formation hGRN is
consistent with the association of its homolog in tension wood
formation in Populus tremula 3 Populus tremuloides (Andersson-
Gunnerås et al., 2006). The precise functions of these 10 TFs in
wood formation need to be further characterized. The transgenic
P. trichocarpa plants overexpressing Ptr-SND1-B1 may help
provide clues to these functions. This work strongly suggests
a Ptr-SND1-B1–directed regulatory structure consisting of 10 direct
TF and 64 enzyme coding genes in the second hierarchical layer
of a two-layered hGRN (Figure 7) in vivo in wood forming tissue of
P. trichocarpa.

Our protoplast system also accurately identified genes that
are indirect targets of Ptr-SND1-B1, as verified by ChIP-PCR
analysis of chromatin from intact differentiating xylem (Figure
6C). These indirect targets are the candidate targets (the third
hierarchical layer) of the second-layer TF genes. For example, 12
of these indirect targets were inferred as direct targets of two
second-layer TF genes, Ptr-MYB002 and Ptr-MYB021 (Figure 7;
see Supplemental Data Set 5 online). These two sequence-
related Ptr-MYBs share eight common targets, of which five are
laccase genes (Ptr-LAC14, Ptr-LAC15, Ptr-LAC40, Ptr-LAC41,
and Ptr-LAC49). Using transgenic P. trichocarpa overexpressing
a microRNA (miRNA), ptr-miR397a, we recently demonstrated
that this miRNA and many TF genes, including Ptr-MYB021,
regulate directly 13 laccase (including Ptr-LAC14, Ptr-LAC15,
Ptr-LAC40, Ptr-LAC41, and Ptr-LAC49) and four peroxidase
(Ptr-PO) genes in a transcriptional regulatory network controlling
lignin content during wood formation (Lu et al., 2013). These
miRNA transgenic results strongly supported the accuracy of
developed top-down algorithm (Figure 4) for predicting the di-
rect TF-DNA relationships. We only selected two second-layer
TFs (Ptr-MYB002 and Ptr-MYB021) to predict their direct targets
because many of the TF-DNA interactions are known for their
homologs (At-MYB46) (Kim et al., 2012a) and therefore are evi-
dence for the validity of the prediction. Our purpose here is to
further demonstrate the robustness of our computational algo-
rithms. The completion of the third layer of the hGRN is a sub-
stantial subject of its own for later investigation.

The SND1-related hGRN for wood formation revealed in this
study is different from an SND1 network derived from Arabidopsis
leaves (Zhong et al., 2010). A total of 138 direct targets were
found for At-SND1, the Arabidopsis homolog of Ptr-SND1-B1. Of
these 138 genes, only seven (two TF and five enzyme coding
genes; i.e., homologs of Ptr-MYB002 and Integrase-type DNA
binding superfamily protein; see Supplemental Table 3 online) were
found in our 76 direct targets of Ptr-SND1-B1 in P. trichocarpa
differentiating xylem, demonstrating that leaf and xylem cells
behave quite differently in the transcriptome response to SND
regulation. In fact, the biological function of At-SND1 in regulating
the 138 genes in leaf cells is unclear because, in the leaf tissue,
At-SND1 was not detected (Zhong et al., 2006). By contrast, Ptr-
SND1-B1 is abundantly and specifically expressed in P. tricho-
carpa differentiating xylem (Li et al., 2012).
The SDX protoplast system is most effective for studying

a complex regulatory hierarchy of multiple layers. We discovered
that all direct regulatory targets of Ptr-SND1-B1 are activated within
7 h after Ptr-SND1-B1 transfection for overexpression (Figure 4).
Therefore, to identify the direct regulatory targets of a TF, the SDX
protoplast expression system can focus on the immediate response
group of DEGs from 7 h of incubation for computational analysis
(Figure 4). This simple approach (7 h of TF overexpression in SDX
protoplasts + computation) will then allow the sequential estab-
lishment, one two-layered hGRN at a time in a top-downmanner, of
all regulatory layers involved in a complete hGRN. For example, in
this study, 10 TF genes were identified as the direct regulatory
targets in the hierarchical layer immediately below Ptr-SND1-B1
(Figure 7). From each of these 10 TFs in this second hierarchical
layer, the same approach (7 h of TF overexpression in SDX proto-
plasts + computation) could then lead to the third hierarchical layer,
encompassing ultimately the direct targets of all these 10 TFs.
Likewise, subsequent layers can be built progressively to reveal
a complete Ptr-SND1-B1–directed hGRN. A comprehensive and
interactive transcriptional regulatory network integrating the sub-
networks for all 20 NAC TFs can then be revealed for genetic
regulation in wood formation. All such sub-hGRN and the complete
interactive hGRN are functional networks depicting not only con-
nectivity but quantitative information of interference frequencies or
transregulation effects. We believe that our approach can be readily
extended to other cell or tissue types to study functional regulatory
hierarchies in complex developmental processes specific in these
cells/tissues in plants, particularly in species that lack mutants or
are resistant to stable genetic transformation.

METHODS

Plant Materials

Populus trichocarpa plants (genotype Nisqually-1) were maintained in
a greenhouse as described (Song et al., 2006). Stem internodes of healthy
3- to 9-month-old plants were used to collect xylem tissue and isolate
SDX protoplasts.

SDX Protoplast Isolation, DNA Transfection, and Transfection
Efficiency Determination

All detailed methods for these experiments are described in Supplemental
Methods 1 online. The cellulolytic enzyme solution and buffers were adopted
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from the transient expression inArabidopsis thalianamesophyll protoplast
system (Yoo et al., 2007) with modifications, and two forms of differen-
tiating xylem tissues, tissue strips and debarked stem segments, were
used to isolate protoplasts. The xylem tissues were placed in the freshly
prepared enzyme solution for;3 h (tissue strips) and ;20 min (debarked
stem segments) at room temperature, and the digested xylem tissues
were transferred to W5 solution (2 mM MES, pH 5.7, 125 mM CaCl2,
154 mM NaCl, 0.1 M Glc, and 5 mM KCl) to release SDX protoplasts. The
protoplasts were then filtered, resuspended in W5 solution, chilled on ice,
and finally resuspended in MMG solution (4 mM MES, pH 5.7, 0.5 M
mannitol, and 15 mMMgCl2, room temperature) to a concentration of 23

105 cells/mL for immediate transfection. We constructed pUC19-35S-
PtrSND1-B1-35S-sGFP to overexpress Ptr-SND1-B1 in SDX protoplasts
and used pUC19-35S-sGFP (Li et al., 2012) as a control transgene. For
transfection, several conditions were tested: (1) plasmid DNA purification
methods, (2) DNA/cell ratios, (3) the concentrations and types of PEG
solutions, and (4) time periods of transfection. Three to five biological
replicates of each DNA transfection for different time points were per-
formed, with three technical repeats for each biological replicate. The
viability of protoplasts after isolation and incubation was tested by the
0.4% trypan blue dye (Invitrogen) exclusion method (Larkin, 1976).
Protoplast suspension was visualized by a Zeiss Axioskop 40microscope
to calculate the transfection efficiency.

Total RNA Extraction

Total RNA from SDX or SDX protoplasts was isolated according to Li et al.
(2012). The RNA quality was examined by an Agilent 2100 Bioanalyzer
using Agilent RNA 6000 Pico Assay chips (see Supplemental Figure 3
online). Total RNA (;800 ng) could be extracted from ;8 3 105 proto-
plasts. The RNA was used for RT-PCR, qRT-PCR, and RNA-seq.

RT-PCR

For testing the overexpression of Ptr-SND1-B1 in transfected SDX pro-
toplasts, reverse transcription was performed as described (Shi and
Chiang, 2005) to synthesize cDNA using RNA from Ptr-SND1-B1-sGFP
and sGFP (control) transfected SDX protoplasts and poly(T) adapter as the
primer. The PtrSND1-B1-2F/R (see Supplemental Data Set 6 online) PCR
primer set was used to detect Ptr-SND1-B1, using the P. trichocarpa actin
gene, Ptr-Actin, as the internal control and detected by the PtrActin-F/R
primer set (see Supplemental Data Set 6 online).

qRT-PCR

qRT-PCR was performed as described (Li et al., 2012) to detect the
transcript abundance of Ptr-MYB002 and Ptr-MYB021 in the PtrSND1-B1-
sGFP and sGFP (control) transfected SDX protoplasts, using primers listed
in Supplemental Data Set 6 online, with three biological replicates for each
transfection and three technical repeats for each biological replicate.

Full-Transcriptome RNA-Seq Analysis of SDX and SDX Protoplasts
and Identification of DEGs

RNA-seq was performed with three biological replicates each for SDX,
SDX protoplasts, and SDX protoplasts transfected with Ptr-SND1-B1-
sGFP and sGFP for 7, 12, and 25 h. Total RNA of each sample (750 ng)
was used for library construction using Illumina TruSeq RNA sample
preparation kit. Each library was constructed with different index se-
quences in the adaptors. The quality and concentration of libraries was
examined by the Agilent 2100 bioanalyzer with Agilent high-sensitivity
DNA assay chips. Six libraries with different index numbers were pooled
by mixing equal quantities of DNA from each library and applied as one

lane for sequencing; 72-bp average read lengths were obtained. After
removing the 4-bp library sequence index sequences from each read, the
remaining 68 bp were mapped to the reference P. trichocarpa genome
release v2.2 (Phytozome V7.0; http://www.phytozome.com) using the
program TOPHAT (Trapnell et al., 2009).

The frequency of raw counts was determined and normalized as
described (Lu et al., 2013). DEGs were identified using edgeR (Robinson
et al., 2010) by comparing the relative transcript abundance for each gene
between the Ptr-SND1-B1 and the sGFP (control) transfection at each
incubation time point (7, 12, and 25 h). The global false discovery rate of
the differential gene identification was set at 0.05 level.

GO Functional Enrichment Analysis

This analysis was performed using the g:Profiler Web server (http://biit.cs.ut.
ee/gprofiler/; Reimand et al., 2011). The P. trichocarpa GO functional en-
richment analysis in the g:Profiler Web server is based on the Ensembl
Genome (http://www.ensembl.org) annotation for P. trichocarpa. The an-
notation contains 3892 GO terms for 29,042 genes. The statistical sig-
nificances of functional enrichment are calculated (g:Profiler) for the 178
DEGs considering all knownP. trichocarpagenes as the backgroundcontrol.

Probability-Based Identification of Ptr-SND1-B1–Responsive Genes

Details of this computational approach are described in Supplemental
Methods 2 online. Briefly, to identify which DEGs are Ptr-SND1-B1–
responsive genes, we first scaled the normalized gene expression
abundances (see the full-transcriptome RNA-seq section above) into
values between 0 and 1 and then discretized the scaled values into four
levels. Fisher’s exact test was then applied to the discretized data to
identify thoseDEGs that are dependent on Ptr-SND1-B1 in expression.We
then calculated a conditional probability table (four levels [Ptr-SND1-B1]3
four levels [Ptr-SND1-B1–dependent DEG] =16) between Ptr-SND1-B1
and each Ptr-SND1-B1–dependent DEG. The conditional probabilities in
each such table were then classified into four types of concordance: Type
I, II, III, and IV (Figure 5). The statistical significance of each of these four
typeswas testedwith Pearson’s x2. If any of these four types is statistically
significant, the Ptr-SND1-B1–dependent DEG is defined as a Ptr-SND1-
B1–responsive gene.

Inference of Direct Target Genes of Ptr-SND1-B1 Using GGM

Detailed mathematical procedures for inferring Ptr-SND1-B1’s direct tar-
gets are described in Supplemental Methods 3 online. Briefly, to identify
which Ptr-SND1-B1–responsive genes are likely to be the direct targets
of Ptr-SND1-B1, we employed GGM model to evaluate which Ptr-SND1-
B1–responsive genes have causal relationships with Ptr-SND1-B1. The
GGM-based algorithm evaluated one at a time a subset of three genes: Ptr-
SND1-B1 and two of the Ptr-SND1-B1–responsive genes. The algorithm
examined if the presence of Ptr-SND1-B1 would significantly interfere the
expression relationships of the two Ptr-SND1-B1–responsive genes in the
subset. After the Ptr-SND1-B1 and all possible pairwise combinations of two
Ptr-SND1-B1–responsive genes were examined for interference, we calcu-
lated the times that Ptr-SND1-B1 interferedwith each responsive gene. In this
study, the responsive genes interfered at least once by Ptr-SND1-B1 were
classified as the inferred direct targets of Ptr-SND1-B1.

ChIP Assay of P. trichocarpa Differentiating Xylem

ChIP assays were performed using anti-PtrSND1-B1 antibody and
chromatin from the SDX of 6-month-old P. trichocarpa plants. A peptide,
TQDYNNEIDLWNFTTRSSPD, located in the C terminus of Ptr-SND1-B1
was synthesized and used for polyclonal antibody production as described
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(Li et al., 2012). Ptr-SND1-A1, Ptr-SND1-A2, Ptr-SND1-B1, and Ptr-
SND1-B2 N-terminal GST-tagged fusion proteins were expressed in
Escherichia coli and purified as described (Li et al., 2012). These purified
Ptr-SND1 member proteins were used to verify the specificity of the
peptide-based anti-PtrSND1-B1 antibody.

We developed ChIP assay for P. trichocarpa differentiating xylem by
modifying protocols used for Arabidopsis (Kaufmann et al., 2010; Li et al.,
2011). All ChIP assay–related details are described in Supplemental
Methods 4 online. Briefly, 5 g of SDXwas immersed in cross-link buffer (1%
[w/w] formaldehyde) for cross-linking protein-DNA complexes (vacuum, 30
min, stopped by 0.125 MGly). The SDX was washed (double-distilled water
33), dried, ground in liquid nitrogen, suspended in Buffer 1 (0.4 M Suc,
10 mM Tris-HCl, pH 8.0, 5 mM b-mercaptoethanol, and protease inhibitors
[1 mM phenylmethylsulfonyl fluoride, 1 mg/mL pepstatin A, and 1 mg/mL
leupeptin]), agitated at 4°C, filtered, and pelleted (1800g, 10 min, 4°C). The
pellet was resuspended in Buffer 2 (0.25 M Suc, 10 mM Tris-HCl, pH 8.0,
5 mM b-mercaptoethanol, 10 mM MgCl2, 1% Triton X-100, and protease
inhibitors), centrifuged (16,000g, 10 min, 4°C), resuspended in Buffer 3
(1.7 M Suc, 10 mM Tris-HCl, pH 8.0, 5 mM b-mercaptoethanol, 2 mM
MgCl2, 0.15% Triton X-100, and protease inhibitors), and centrifuged
(16,000g, 1 h, 4°C). The pellet was resuspended in lysis buffer, sonicated to
shear theDNA, andcentrifuged (16,000g, 10min, 4°C). A small aliquot of the
supernatant was used as input control, and the remaining supernatant was
diluted (310) by dilution buffer and divided equally into two tubes for re-
actions (4°C overnight) with anti-PtrSND1-B1 antibody and preimmune
serum (as mock control), respectively. The solution was treated (4°C, 2 h)
with Dynabeads protein G (Invitrogen), and the beads were washed (32)
with dilution buffer, high-salt wash buffer (31), LiCl buffer (31), and Tris-
EDTA buffer (32). Freshly prepared elution buffer (65°C) was added to elute
(65°C, 15 min,32) the protein-DNA complexes, of which cross-linking was
reversed (5MNaCl, 65°C overnight) and treatedwith protease/RNasebuffer
(45°C for 1 h). The DNA was extracted (phenol/chloroform, ethanol pre-
cipitation with glycogen) and centrifuged (13,800g, 15 min, 4°C), and the
pellet was resuspended in double-distilled water, fromwhich a 2-mL aliquot
was used for PCR (25-mL volumes, 32 to 35 cycles). Three independent
biological replicates of ChIP assays were performed. The primers for ChIP-
PCR are shown in Supplemental Data Set 6 online.

Stable P. trichocarpa Transgenic Plant Production and Verification
of PtrSND1-B1’s Direct Targets in Transgenic Differentiating Xylem

pBI121-35S-PtrSND1-B1 was constructed for the P. trichocarpa stable
transformation. Briefly, the Ptr-SND1-B1 cDNA sequence was amplified
from P. trichocarpa xylem cDNA with primers Ptr-SND1-B1-1F/R (see
Supplemental Data Set 6 online) and then inserted into pBI121 using
BamHI-SacI sites. The construct was sequence confirmed and mobilized
into Agrobacterium tumefaciens strain C58 to transform P. trichocarpa as
described (Song et al., 2006; Lu et al., 2013). qRT-PCR was conducted as
described above to quantify the transcript abundance of Ptr-SND1-B1 and
the selected direct targets of Ptr-SND1-B1 (Figure 9). Total RNAof SDXwas
extracted from three wild-type trees and transgenics (6 months old). The
primers for qRT-PCR are listed in Supplemental Data Set 6 online.

Accession Numbers

The RNA-seq data discussed in this study can be found in National Center
for Biotechnology Information’s Gene Expression Omnibus through GEO
Series accession number GSE49911 (nonpermanent URL for reviewer
access: http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=xfwthkmwci-
wigvkandacc=GSE49911). Gene model names (P. trichocarpa genome re-
lease v2.2; Phytozome V7.0; http://www.phytozome.com) of the genes used
in this work are listed in the supplemental tables and data sets online, and the
gene model name of Ptr-SND1-B1 is POPTR_0014s10060.1.
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Supplemental Figure 1. Procedures of Xylem Protoplast Isolation.

Supplemental Figure 2. Transient Expression of sGFP in P. tricho-
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