ABSTRACT
LIN, YING-CHUNG. Transcriptional Regulatory Functions of NAC Domain Proteins in
Wood Formation in Populus trichocarpa. (Under the direction of Prof. Vincent Chiang and
Ronald Sederoff).
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 transient
expression system using protoplasts from the stem differentiating xylem (SDX), which shares
96% transcriptome identity with intact SDX for the model woody plant Populus trichocarpa.
Using the protoplast system, we discover the function of a splice variant of PtrSND1-A2
(Secondary Wall-Associated NAC Domain) and PtrVND6-C1 (Vascular-related NACDomain), and revealed the quantitative functional hierarchical genetic regulatory network
(hGRN) directed by PtrSND1-B1 and PtrMYBs.
SND1s and VND6s are transcription factors (TFs) known to activate a cascade of TF and
pathway genes involved in secondary cell wall biosynthesis in Arabidopsis and poplars. The
alternative splice variants of PtrSND1-A2 and PtrVND6-C1 (PtrSND1-A2IR and PtrVND6C1IR) are dominant negatives of the SND1 and PtrVND6-C1 transcriptional networks in
Populus trichocarpa.
We established a Ptr-SND1-B1–directed hGRN including 76 direct targets. Direct Ptr-SND1B1–DNA interactions were identified by integration of time course RNA sequencing data
and top-down Graphical Gaussian Modeling–based algorithms. These Ptr-SND1-B1-DNA
interactions were verified using chromatin immunoprecipitation in SDX with 97% accuracy
and qRT-PCR in stable transgenic P. trichocarpa (90% accuracy).
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BIOGRAPHY
“Instead of earning a lot of money, I want to do something that benefits all human beings.”
It may sound cheesy, but that was the answer I gave to my mother ten years ago when she
asked me why I chose Life Sciences as my college major. Ten years later, I am still chasing
after that dream with my research in Biology. For my first independent research, I studied
enzymes involved in starch synthesis in Dr. Jeng’s lab at National Taiwan University during
my master’s degree. The first PCR, RNA extraction, or seeing a transgenic plant being
selected by antibiotics made me excited. It was the feeling that “I can feel and see life and its
secrets”. I was very fortunate to be given the opportunity to pursue my PhD degree in Dr.
Chiang’s lab. During the beginning stages of developing the protoplast system, my
colleagues and I encountered a lot of difficulties. There were times when I wanted to “throw
in the towel”. At one point, I changed my Facebook status to: “Getting used to failure is one
kind of harvest”. However, Dr. Chiang gave me countless patience and encouraged me to
proceed with more experiments, and soon we were able to overcome most of the problems.
There is always a silver lining to every black cloud. Our approach (protoplast + chromatin
immunoprecipitation) is useful for studying gene regulatory network in plant species which
mutants are unavailable and are resistant to stable genetic transformation.
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Chapter 1
Introduction

Wood, the secondary xylem of vascular plants, is a hard and fibrous tissue in the stems and
roots of trees. Within this the unique structure, wood is composed of vast numbers of cells.
Based on the morphology and function, the cells in wood are divided into four different
types: (1) parenchyma cells, (2) tracheids, (3) fibers, and (4) vessels. (1) Parenchyma cells
form horizontal rays and participate in various processes such as metabolic pathways and
short-distance transport. (2) Tracheids are the major cell type in softwoods, and they provide
water conduction and mechanical support. (3) Fibers occur exclusively in hardwoods, and are
specialized elements for mechanical support. (4) Vessels are a specialized cell type for long
distance water and mineral solutes transport in hardwoods; they are composed of individual
vessel members that are associated to form a continuous channel. During vessel cells
maturation, the end walls of each cell are removed partly or entirely by enzymatic action to
form a continuous channel.

Chemical composition of wood
The major chemical components of wood are (1) cellulose, (2) lignin, and (3) hemicelluloses.
The proportion of cellulose, lignin, and hemicellulose is around 40, 25, and 30%,
respectively. (1) Cellulose is the most abundant wood component. It consists of linear
(unbranched) chains of β-(1,4)-glycosidically bonded D-glucose units, and the degree of
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polymerization (DP) of native cellulose is between 10,000 and 14,000. (2) Lignin is
composed of phenylpropane units, which link to each together through at least ten different
C-C and C-O bonds. The structure of lignin is irregular because of the random combination
of phenoxy radicals of coniferyl, sinapinyl, and 4-coumaryl alcohols. (3) Hemicelluloses,
unlike cellulose, are mostly branched polysaccharides and have lower DP of 50-200.

Cell wall Architecture
Plant cell walls provide protection and firmness to the cell cytoplasm. Cell wall formation
begins between the daughter cells after mitosis during cell division. This initial cell wall
layer, the middle lamella, consists mainly of pectin. At this early stage the young cells begin
to deposit new wall material against the ML, which is termed primary cell wall. Primary cell
wall is composed of cellulose, pectin. Both middle lamella and primary cell wall are
extensible for the cell expansion during differentiation. Secondary cell wall formation starts
when the developing cells reach their final size. Generally, secondary walls contain three
sub-layers (S1, S2, and S3). The S1 is the oldest layer next to the primary wall, and
determines some pulp fibre properties (Bergander and almen
Brandstrom et al.

). The

Bergander et al.

layer is usually the thickest portion, and is considered to

dominate the physical and chemical properties of the cell wall (Donaldson et al. 2005). The
S3 layer forms an interface with the cytoplasm in living cells or the cell lumen in dead cells.
The secondary cell wall contains cellulose, hemicellulose, and lignin. The inclusion of lignin
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makes the secondary cell wall less flexible and less permeable to water than the primary cell
wall.

Secondary wall NACs as master switches
NAC (NAM, ATAF1/2 and CUC2) domain transcription factors are plant-specific
transcriptional regulators and are important in plant growth, development, and stress
responses (Olsen et al. 2005). A subgroup of NACs in Arabidopsis has been reported as
master switches regulating secondary wall biosynthesis (Kubo et al. 2005; Mitsuda et al.
2005; Zhong et al. 2006; Ko et al. 2007; Mitsuda et al. 2007; Zhong et al. 2007a; Mitsuda et
al. 2008; Yamaguchi et al. 2008; Zhong et al. 2008; Zhong et al. 2010). Among these NACs,
SND1/NST3 (SECONDARY WALL ASSOCIATED NAC DOMAIN PROTEIN 1/ NAC
SECONDARY WALL THICKENING PROMOTING FACTOR 3) is specifically expressed
in fibers (Zhong et al. 2006; Mitsuda et al. 2007; Mitsuda et al. 2008), and VND6 and VND7
(VASCULAR-RELATED NAC-DOMAIN) are specifically expressed in vessels (Kubo et al.
2005; Yamaguchi et al. 2008; Zhong et al. 2008).
The SND1 gene is associated with secondary wall thickening in fibers. The dominant
repression of SND1 (SND1 fused with a repressor domain) causes a severe decrease in the
secondary wall thickness of fibers. Although the knock mutant of SND1 does not affect the
secondary wall thickness, overexpression of SND1 can up-regulate the secondary wall
biosynthesis gene expression and results in ectopic secondary wall deposition. In the double
knockout mutant of SND1 and its close homolog NST1, the fiber cells in the stems lack all
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three major secondary wall components, including cellulose, xylan, and lignin, which is
accompanied by a severe reduction in the expression of genes involved in their biosynthesis
(Zhong et al. 2006; Mitsuda et al. 2007; Zhong et al. 2007a). The results demonstrate that
SND1 and NST1 have a redundant function, and they are master regulators of secondary wall
biosynthesis in fibers.
VND family (VND1 to VND7) are expressed in an in vitro xylem vessel inducible system
(suspension cells) of Arabidopsis, and the cells can differentiate into xylem vessel elements
under the presence of brassinolide (Kubo et al. 2005). Among the VND family, VND6 and
VND7 have strong effects in regulating vessel cell specification with the cooperation of other
VND genes. With ectopic expression, VND6 and VND7 can transdifferentiate different cell
types such as epidermal cells, mesophyll cells, and guard cells into metaxylem vessels
(derived from VND6) and protoxylem vessels (derived from VND7). By fusion with an
artificial repressor domain (SRDX), VND6-SRDX and VND7-SRDX inhibit vessel
formation in the metaxylem or protoxylem, respectively. The results demonstrate that VND6
andVND7 are master switches of secondary wall thickening in vessels.
The transcriptional regulation of NAC domain proteins was also reported in woody plants.
The dominant repression of PtrWND2B or PtrWND6B results in a drastic reduction of
secondary wall thickening in the wood of transgenic poplar, and the overexpression of
PtrWND2B or PtrWND6B cause the ectopic deposition of secondary walls in transgenic
poplar plants (Zhong et al. 2011). The WNDs can directly bind to the secondary wall NACbinding element (SNBE) sites in the promoters of the WND-regulated transcription factors
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and genes involved in secondary wall biosynthesis and cell wall modification (Zhong et al.
2011).

Other NACs involved in secondary wall biosynthesis
In addition to SND1, VND6 and VND7, SND2 and SND3 were also discovered as regulators
of secondary wall formation. In Arabidopsis, SND2 is indirectly regulated by SND1 and
NST1 (Zhong et al. 2008). Dominant repression of SND2 (fusion with SRDX) drastically
decreased the thickness of the fiber secondary cell walls, and the overexpression of SND2
increased secondary cell wall thickness in interfascicular and xylary fibers (Zhong et al.
2008). SND2 activates the gene expression of lignin, cellulose and hemicellulose
biosynthesis genes involved in secondary cell wall development (Hussey et al. 2011).

NAC domain structural characteristics
NAC proteins have a well conserved N-terminal NAC domain (~150 amino acids) and a
diversified C-terminal transcription regulatory region (Olsen et al. 2005; Ernst et al. 2004).
The N-terminal NAC domain can be divided into five subdomains (subdomain A-E) (Puranik
et al. 2012), and have (1) DNA binding ability, (2) protein dimerization ability, and (3) a
nuclear localization signal. (1) The DNA binding motif can be divided into five subdomains
(subdomain A-E) (Puranik et al. 2012). C and D subdomains are positively charged and can
bind to DNA. X-ray crystallography and in silico analysis of Arabidopsis ANAC019, Setaria
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italica SiNAC and rice stress-responsive NAC1 (SNAC1) proteins have shown that the
conserved NAC consists of a twirled antiparallel β-sheet, which is used for DNA binding,
and this twirled antiparallel β-sheet is located between an N-terminal α-helix and a short
helix (Ernst et al. 2004; Chen et al. 2011; Puranik et al. 2011). Moreover, Val119–Ser183
(β4–6; subdomain D–E), Lys1

and Lys1 6 (β4–5; subdomain D), Lys79, Arg85 and Arg88

(β1–2; subdomain C) were identified as biochemically crucial for DNA binding (Olsen et al.
2005; Ernst et al. 2004; Chen et al. 2011). (2) NAC proteins can dimerize with each other
through Leu14–Thr23 and Glu26–Tyr 1 residues by forming a short antiparallel β-sheet at
the dimer interface, and the salt bridges formed by Arg19 and Glu26 provide the stability of
the dimers (Olsen et al. 2005; Chen et al. 2011). (3) NAC domain also contains a nuclear
localization signal (subdomain D) (Olsen et al. 2005; Le et al. 2011; Tran et al. 2009; Olsen
et al. 2005).

Secondary wall MYBs as second and third-level master regulators
Formation of the secondary wall requires a coordinated transcriptional regulation of the
genes during the biosynthesis of secondary wall components such as cellulose, hemicellulose
and lignin. NAC domain transcription factors were found as master switches for the
regulation of secondary wall biosynthesis, and several MYBs are directly activated by these
NACs as the regulators on the second level (Zhong et al. 2006; Zhong et al. 2008). MYB46
and its close homolog MYB83 in Arabidopsis are direct targets of SND1, VND6 and VND7,
and they have redundant functions in the regulation of secondary wall biosynthesis (Zhong et
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al. 2007b; McCarthy et al. 2009). MYB46 and MYB83 are expressed in both fibers and
vessels, and the knockout mutants of MYB46 and MYB83 have greatly reduced secondary
wall thickening in vessels, which leads to severe vessel collapse and plant growth retardation
(McCarthy et al. 2009). Overexpression of MYB46 or MYB83 in Arabidopsis causes the
ectopic deposition of secondary walls in the cells that are normally parenchymatous through
the up-regulation of biosynthetic genes for cellulose, xylan and lignin (Zhong et al. 2007b;
McCarthy et al. 2009). Suppression of MYB46 also reduces secondary wall thickening (18;
Ko et al., 2009; Ko et al. 2012).
MYB58 and MYB63 are also found as transcriptional regulators specifically activating lignin
biosynthetic genes during secondary wall formation in Arabidopsis, and they are specifically
expressed in fibers and vessels undergoing secondary wall thickening. Dominant repression
(fusion with SRDX) of their functions decreases secondary wall thickness and lignin content.
Overexpression of MYB58 and MYB63 activates lignin biosynthesis genes and causes
ectopic deposition of lignin in cells that are normally unlignified (Zhou et al. 2009). MYB58
can directly activate the gene expression of lignin biosynthesis genes and a secondary wall–
associated laccase (LAC4) gene, and is the direct target of MYB46 and MYB83, which
demonstrates that MYB58 is a third level regulator of secondary wall formation (Zhou et al.
2009).
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MYB transcription factor structural characteristics
The MYB proteins are named for the v-Myb oncogene, an “oncogene” derived from the
avian myeloblastosis virus (Klempnauer et al. 1982). Many vertebrates, insects, plants, and
fungi have three genes related to v-MYB: c-Myb, A-Myb and B-Myb (Lipsick 1996; Weston
1998). MYB proteins are identified based on a highly conserved N-terminal DNA-binding
domain (Lipsick, 1996). The DNA binding domain of MYB proteins consist of three
imperfect repeats of 50~53 amino acids, and each repeat forms a helix-turn-helix structure,
which binds to the major groove of the target DNA sequences (Ogata et al. 1992; König et al.
1996; Lipsick, 1996; Stracke et al., 2001). The DNA binding specificity of MYB proteins is
determined by several highly conserved Trp residues (Ogata et al., 1995). MYB proteins are
classified into three subfamilies based on the number of adjacent repeats within the MYB
domain (one, two or three) (Jin et al. 1999; Rosinski and Atchley 1998). The MYB proteins
with one, two and three repeats are ‘MYB1R’, ‘R R -type MYB’ and ‘MYB R’ factors,
respectively (Stracke et al., 2001; Wilkins et al. 2009). The MYB46, MYB83, MYB58 and
MYB63 involved in secondary cell wall formation are all R2R3-type MYBs factors.
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Chapter 2
A simple high throughput xylem protoplast system for studying wood formation
Abstract
We present a protocol for isolation and transfection of protoplasts from wood forming tissue,
the stem differentiating xylem (SDX), in the model woody plant Populus trichocarpa. All
previous protocols give low SDX protoplast yields and are tedious (~8 h). Our protocol is
high throughput, allowing small (milligrams) to large (20 g) scale SDX preparations in ~60
seconds. The entire isolation and transfection takes ~50 min—the shortest ever reported. Our
protocol gives a high yield (~2.5 × 107 protoplasts/g SDX) of protoplasts sharing 96%
transcriptome identity with intact SDX. It was used to discover and validate genome-wide
transcription factor-DNA interaction-based hierarchical regulatory networks in wood
formation. It generates a transient expression system highly representative of stable
transgenics in transcriptome responses. It can also be a cellular system to study gene
transactivation and nucleocytoplasmic protein trafficking. Our protocol is particularly useful
for systems studies where stable transgenics and mutants are unavailable.
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Introduction
Wood is a renewable feedstock and an important component of the material- and energybased economy worldwide1-4. Wood is xylem and is formed from differentiating secondary
xylem cells divided from the vascular cambium and matured into thick-walled fiber, vessel
and ray cells5 (Fig. 1). The maturation of the wall is accompanied by the biosynthesis of
specific quantities of the cell wall components—cellulose, hemicelluloses and lignin—the
sources of materials and energy1. Wood formation is a complex developmental process
controlled by hierarchical gene regulatory networks that regulate specific pathway genes to
function in cell wall component synthesis6-8. Understanding of these networks and gene
functions is important for improved feedstock sustainability. Genetic network and gene
functional analyses in woody plants is highly challenging because these species are generally
recalcitrant to stable genetic transformation and lack of a mutant collection9,

10

. For such

species, protoplasts are particularly useful because protoplasts are an efficient transient
transgenic system allowing immediate transcriptome responses to gene expression for
characterizing and quantifying genetic networks and gene functions6, 7, 11. A few woody plant
protoplast procedures have been developed since the 8 ’s, but none of these procedures,
including the only one for developing xylem of tree species12, were designed for yield and
quality adequate for full transcriptome studies12-20. Isolation of plant protoplasts has always
been time consuming, tedious and low throughput. A protocol combining isolation and
transfection of protoplasts from differentiating xylem cells, or the wood forming cells, has
never previously been reported.
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Using the stem differentiating xylem (SDX, Fig. 1c,i,j), a wood forming tissue, of P.
trichocarpa we developed a simple, high throughput isolation and transfection procedure6, 7,
11

and reported here an optimized protocol. These protoplasts were derived from

differentiating fiber, vessel and ray cells (Fig. 1i,j), the three major cell types that form
wood5. Our protocol allows a drastic reduction in processing time, particularly tissue
preparation, and also elimination of many tedious protoplast treatment and recondition steps
normally used in the other protocols. Here we describe the development and optimization of
all procedures involved, and also provide an overview of the optimized isolation and
transfection protocol. We compare our protocol with the other methods to illustrate what
processing times can be reduced, which steps can be eliminated, and under what conditions
high SDX protoplast yields can be obtained. We also illustrate many useful applications of
our protocol that lead to novel quantitative insights into subcellular protein-protein
interaction mechanisms, gene functions and genome-wide functional transcriptional
regulatory networks. Finally, we describe the detailed experimental design, step-by-step
methodology, recommendations for troubleshooting potential problems, and anticipated
results of using our protocol.
Development and overview of the protocol
Protoplast isolation and transfection have long been established and reported extensively for
many species13, 21. The procedures normally involve preparation of tissue for specific source
cells, cellulolytic digestion of the cell-wall, and isolation, purification and recondition of the
protoplasts, followed by DNA transfection22, 23 (Fig. 2). The intactness of the source cells and
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the accessibility of cellulolytic enzymes to cell-walls are major determinants on yield and
quality of the resulting protoplasts. To best ensure these cell properties, protoplast isolation,
therefore, always involves a tedious and technically demanding procedure for tissue
preparation. We tried to isolate P. trichocarpa SDX protoplasts using the original or
modified protocols for woody plants14,15, but could only obtain either a very low or negligible
amount of protoplasts. We then followed the TEAMP (Transient Expression in Arabidopsis
Mesophyll Protoplast) system22, including its delicate tissue preparation procedures. TEAMP
was reported in 2007 and has been widely used for Arabidopsis because of its high yield (~10
× 106 protoplasts/g fresh weight leaves) and very high transgene transfection efficiency
(~60–90%). Unlike all other protocol tried, TEAMP allowed us to produce SDX protoplasts,
despite the yields were modest (~105 protoplasts/g fresh weight SDX). We then focused on
TEAMP as the primary system for further improvements.
Our focus was on the improvement of the efficiency, throughput and yield. We extensively
and systematically tested isolation steps in TEAMP and other woody plant protocols and
modified/optimized key ones. This systematic approach, together with the development of a
much simplified tissue preparation7, led us to create a protocol that has the shortest isolation
procedure (< 1 h) ever reported and gives a yield of ~2.5 × 107 protoplasts/g SDX7 (second to
the highest reported of 108 protoplasts/g poplar leaves24). For establishing the SDX protoplast
transgene transfection procedure, we focused on the more commonly used polyethylene
glycol (PEG)-directed gene delivery, and systematically examined all major reaction
parameters (Supplementary Table 1). We could readily achieve at least 30% transfection
efficiency using several combinations of parameters (Supplementary Table 1)7. The
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combination of such transfection efficiency and a very high protoplast yield is fully adequate
for many transcriptomic and proteomic applications at the genome level. Furthermore, our
protocol allows protoplast isolation from milligrams to tens of grams of SDX with a similar
time frame and protoplast yield, offering a throughput that so far cannot be achieved by any
other system.
Major differences between other methods and our protocol
Brevity is the unique feature of our method. We outline the flows and processing time frames
of key stages of protoplast isolation and transfection protocols previously used (Fig. 2a) and
compared with those of ours (Fig. 2b). Key characteristics of the previous protocols include:
(1) A long protoplast isolation process (6-8 h) involving 11 major steps (divided from Stage
1 to 4, Fig. 2a) is needed prior to transfection. (2) Laborious techniques are required for
segmenting the tissue into small pieces without excessive damage to the cells. (3) Long cellwall digestion times (3-5 h) are needed. (4) After cell-wall digestion, the protoplasts must be
separated away from the cellulolytic enzymes and cell/tissue debrides through enzyme
deactivation, filtration and centrifugation (Stage 3, Fig. 2a). (5) A long period of
reconditioning of the protoplasts on ice is used prior to transfection (35 min, Stage 4ix, Fig.
2a). (6) The performance of such technically demanding procedures is not always successful
even for experienced researchers. A long processing time also reduces the quantity of viable
protoplasts.
We highlight the differences between these previous protocols and our protocol in these six
key process characteristics. In our protocol: (1) A much short time (~25 min) requiring only
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3 short steps is needed before DNA transfection (Fig. 2b). (2) A novel tissue preparation
allows the completion of SDX tissue processing in ~30 sec (see details in Experimental
design) and (3) a short ~20 min cell-wall digestion (Fig. 2b). The whole process simply
involves debarking of a stem segment and submerging it into the enzyme digestion solution
(Fig. 1g,h and see details in Experimental design). (4) No enzyme deactivation or
centrifugation of debris, or (5) protoplast reconditioning is needed. The enzyme-digested
stem is directly transferred into fresh DNA transfection buffer to release the protoplasts (5
min, Stage 3, Fig. 2b) for immediate transfection. (6) The protocol can be readily
implemented by a competent graduate student or post-doc.
To further illustrate the uniqueness of our protocol, we summarized and compared the
processing times, yields and transfection efficiency of our optimized protocol with some
other representative and contemporary protocols (mostly from 2007 to 2013) for many
gymnosperm, dicot and monocot species7,12,

15, 17, 19, 22-30

(Table 1). These other protocols

could be alternatives and we have evaluated all key ones for woody plants reported prior to
201212-20, and found all these woody plant methods gave very low yields and some could not
generate protoplasts. Although it is likely that other more contemporary procedures for
Arabidopsis or Populus leaves23-25 (Table 1) may also be applicable, the disadvantage of all
these other procedures is the long tissue preparation (5-30 min vs. 30 s) and cell-wall
digestion (3-16 h vs. 20 min) times. Furthermore, these protocols may also be species
dependent. For example, the protocol suitable for P. tremula x P. alba leaves might not be so
for P. trichocarpa leaves25. If Populus protoplasts are needed for gene or protein sequence-
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based studies, P. trichocarpa Nisqually-131, the sequenced genotype, must be used for gene
sequence and functional accuracy.
Advantages and disadvantages of our protocol
The overall advantage of our procedure is its simplicity in performance and protoplast
yield—a very user friendly system. Key advantages include a trouble-free tissue preparation
(Fig. 1 and Experimental design) and facile cell-wall digestion system, species
independence, and direct applicability to P. trichocarpa Nisqually-131 and Eucalyptus
grandis32, two sequenced woody plants (Table 1). So far we have performed more than 200
independent isolations/transfections using the currently optimized procedures for Nisqually-1
SDX and 5 such independent operations for E. grandis SDX, with similar reproducible
results (Table 1). Another key advantage of our protocol is its high throughput nature. The
nearly effortless tissue preparation allows similar total operating times for different scales,
whether is milligrams or tens of grams of SDX. It took ~30 sec tissue preparation time (Stage
1, Fig. 2b) for handling ~200 mg SDX and ~60 sec for up to 20 g SDX. To scale up in the
other protocols, the tissue preparation time needs to be increased proportionally, which also
creates a significant time and uniformity discrepancy in cell-wall digestion between the first
and last batches of tissue pieces. Our transfection efficiency of >30% may appear to be a
disadvantage compared with the other more contemporary protocols (Table 1). However,
many if not all of these other protocols are not applicable to SDX from woody plants. In our
protocol, the 30% transfection efficiency is offset by the high protoplast yield, allowing
abundant transfected cells, even as the transcript source without amplification, for generating
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a large number of RNA sequencing libraries (~40 libraries/g SDX)7. Nonetheless, the
dependence on fresh and viable tissues/cells is a common disadvantage of all protoplast
protocols.
Applications of the method
Our protocol is suitable for transient transgene expression-based genomic, transcriptomic,
proteomic and systems biology studies in plants at the cellular level. It is particularly useful
for such studies associated with secondary cell wall formation in recalcitrant woody plants
where stable genetic transformation and mutants are unavailable. These applications are
supported by our demonstration that, at the full genome level, SDX protoplasts and the intact
stem differentiating xylem cells from P. trichocarpa share 96% transcriptome identity7. We
used the system to discover and validate genome-wide transcriptional hierarchical gene
regulatory networks in secondary cell wall or wood formation7,
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. In this application we

found that the direct target DNAs of a transacting transcription factor (TF) are all activated
within 7 hours after overexpression of this TF through transfection7. Using chromatin
immunoprecipitation (ChIP) we demonstrated that 97% of the protoplast-inferred target
DNAs are the authentic direct targets in intact differentiating xylem7. Furthermore, ~90% of
the protoplast-inferred TF-DNA interactions were validated by RNA sequencing for their
regulatory effects in intact differentiating xylem of stable transgenic P. trichocarpa,
confirming our transient SDX protoplast system is equivalent to stable transgenics for
studying gene regulation processes in wood formation7.
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The discovery and validation of genome-wide transcriptional hierarchical gene regulatory
networks is one of the most unique applications of our protocol, allowing generation of
quantitative genomic knowledge in two weeks (protoplast isolation, transfection, RNA
sequencing, and network construction) that would otherwise require years using stable
transgenics and specific mutants, if they are available. We also used the protocol to validate
the transregulation and autoregulation of many wood formation-specific TFs6, specific
nucleocytoplasmic trafficking of these TFs in wood formation6, interactions and regulatory
effects of a TF and its direct targets in wood formation7, and novel heterodimeric,
heterotrimeric and homomeric membrane protein complexes involved in lignin biosynthesis
in wood forming tissue of P. trichocarpa11.
Because fresh protoplasts retain cell and transcriptome identity, differentiated state, and
original biochemical and regulatory activity7,21,22,34–37, protoplasts are useful for studying
early transcriptome responses or the dynamics of such responses to treatments, including
perturbation of gene expression. However, 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

35–38

. Leaf mesophyll protoplasts are not appropriate for studying wood

formation7. Other than applications in studying secondary cell wall or wood formation
related processes, our SDX protoplasts can be used as a simple model experimental system,
much like Arabidopsis leaf protoplasts, for general purposes. For example, it can be an
efficient plant system to test effector-reporter-based gene transregulation effects6. It can also
be an informative system for inference of subcellular localization of plant proteins and
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protein-protein interactions6, 11. The simple and straightforward nature of our method argues
for its use as a general protoplast-based transient expression system.
Our protoplast system is expected to be very important for genome-wide studies of wood and
biomass productivity in material and energy feedstocks because the genomes of many
commercially important tree species, such as Norway spruce (Picea abies)39 and loblolly
pine (Pinus taeda)40 have just recently been sequenced, in addition to P. trichocarpa31 and E.
grandis32, and the genomes of many other forest species are expected to be sequenced in the
near future. The genome sequence of a basal angiosperm, Amborella trichopoda, has just
been reported41. The application of the SDX protoplasts as the transient transgenic system to
study wood formation and related processes will become necessary because, except for P.
trichocarpa10, none of the specific genotypes of these sequenced woody species is known
amenable to stable genetic transformation. We anticipate the applicability of the protocol to
these other sequenced woody plants. Together our SDX protoplast system and the genome
sequences of gymnosperms, a basal angiosperm, and more advanced angiosperms provides a
strong tool for comprehensive comparative analyses of the evolution in genetic regulatory
hierarchies and in many processes associated with wood formation.
Experimental design
Plant health. Ex vitro or in vitro propagated clonal plants of the genotype of interest should
be maintained in a greenhouse to allow uninterrupted source of tissues/cells. Plants with ages
older than 3 months are all suitable as long as they are growing vigorously and healthy. We
usually use the stem (below the 10th nodes) of 3 to 9 months old plants. The health of the
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plant is one of the most important criteria that affect the robustness of the protoplast system.
Healthy plants are necessary for producing high yields of protoplasts with high transfection
efficiency. Appropriate temperatures, routine watering and fertilization are necessary for
maintaining plants with healthy and vigorous growth in a greenhouse. Healthy greenhousegrown P. trichocarpa plants have gleaming developing leaves and fully expanded leaves that
are flat and bright dark-green colored upper leaf surface. These P. trichocarpa plants usually
also develop xylem secretion at the 2nd to 5th young stem nodes where auxiliary or lateral
buds usually emerge (Fig. 3), indicating active water and nutrient transport and, thus, their
vigorous growth status. The stem bark of such plants can be easily peeled off (Fig. 1b,g) and
the surface (differentiating xylem cells, Fig. 1d) of the debarked stem is succulent. These
plants always give high SDX protoplast yields and transfection efficiency. Therefore xylem
secretion at young nodes has always been the best guide for us to select the P. trichocarpa
plant for SDX protoplast production. In general, healthy leaves are usually a good indicator
of healthy trees for SDX protoplast generation. Trees with stem bark difficult to be peeled off
are usually unhealthy or inactive in growth, and should not be used because they give little or
no SDX protoplasts.

Tissue preparation and cell-wall digestion. The differentiating xylem, the wood forming
tissue, can be readily collected in a large quantity from a tree stem after debarking. Crosssections of an intact and a partially debarked stems of a 6-month-old P. trichocarpa plant is
shown in Figure 1c,d illustrating distribution of tissues and cells. Between the bark and
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differentiating xylem there are 3 to 5 thin layers of soft and juicy cells, the vascular cambium
(VC)5 (Fig. 1c,d). Because of this soft and juicy VC, the bark on actively growing trees, can
be very readily and cleanly peeled off from the differentiating xylem (Fig. 1g). After
debarking, VC and phloem (P) that includes phloem fiber (PF) cells are attached to the bark.
The surface of the debarked stem is covered with the differentiating xylem (DX) cells, which
are cells originated from VC and differentiating into mature xylem fiber (XF), vessel (V) and
ray (R) cells5. Collectively these three mature cell types are called secondary xylem, or
wood.
Therefore, the SDX tissue/cell preparation in our protocol only involves a very simple
process of peeling off the bark from the stem (Fig. 1g) followed by submerging (dipping) the
debarked stem into cell-wall digestion solution in a 50-ml Falcon tube (Fig. 1h), a procedure
can be accomplished by anyone in seconds. In this dipping procedure, the differentiating
xylem (wood forming) cells on the surface (Fig. 1i) of the debarked stem are exposed to the
enzyme solution (Fig. 1h), and phloem and other non-xylem cells are excluded. After cellwall digestion, approximately 6 layers (Fig. 1i,j) of differentiating xylem cells are released
into the buffer solution. In a Populus species (P. tremula x tremuloides), actively
differentiating xylem cells are located within ~400 µm centripetal distance from vascular
cambium42. In P. trichocarpa, this distance is equivalent to ~16 layers of thin-walled
differentiating xylem cells. Proteins and transcripts of wood formation genes such as those in
monolignol and cellulose biosynthesis pathways are found more highly abundant in these
thin-walled cells (Fig. 1e,f) than those in the more differentiated cells with thickened
secondary cell walls43-46 (Fig. 1f). These results demonstrate that the protoplasts generated by
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our protocol are exclusively living differentiating xylem cells—the secondary cell-wall or
wood formation cells (Fig. 1i,j).
For small scale tissue preparations using SDX from ~200 mg (one 4-cm segment) to ~2 g
(four 10-cm segments), the stem can be cut into a suitable length before or after debarking to
fit into the tube with solution for cell-wall digestion (Fig. 1g,h). The process of segmenting
four stem segments into one 50-ml tube takes about 30 seconds (Fig. 1h). Because the SDX
cells on the surface of the debarked stem are in direct contact with the cellulolytic enzymes,
cell walls can be effectively digested in about 20 min, without any vacuum or shaking. For
large scales, the sequence of debarking, cutting into suitable length, and immediately dipping
is advisable to minimize the difference in cell-wall digestion times between the first and the
last stem segments. We have performed large scale tissue preparations of segmenting
debarked stems from up to 5 of 6-month-old trees (~20 g SDX; forty 10-cm segments) into
ten 50-ml tubes in about 60 seconds.

Cell-wall digestion solution. Freshly prepared enzyme solution provides the best results and
is suitable for infrequent or small scale isolation and transfection experiments. The solution
can also be prepared in a large amount, divided into aliquots and stored at -20 oC before use.
The enzymes in such solution remain active for at least one month for generating protoplasts
with high yields. Such a preparation is suitable for large scale experiments, allowing
reduction in total processing time. The total processing time can be further reduced by
eliminating the commonly used filtration of the enzyme solution through 0.22 or 0.45 µm
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filter22,
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, and heating of the MES solution to 70 oC for 3–5 minutes22 for preparing the

digestion solution. We have confirmed that in our protocol these two eliminations do not
affect protoplast yield and transfection efficiency. It is advisable to prepare and use freshly
prepared solution after one month storage at -20 oC.

Protoplast collection for direct transfection. After cell-wall digestion, the treated stem can
be removed from the digestion tube (Fig. 1h) and transferred directly into the DNA
transfection buffer (MMG buffer) to release the protoplasts for transfection. This process
provides a very simple and effective means of separating digested protoplasts from the
cellulolytic enzymes and cell/tissue debrides, and thus eliminating the long and tedious
separation/treatment series required by other procedures. With the shorten protoplast
processing procedure, the on-ice reconditioning22, 23 can also be eliminated.
Optimization of a protoplast isolation and transfection system has always been laborintensive, inefficient and confounding, leading mostly to frustrations. This is because
whether the specific optimizations are successful are unknown until the last step, after a long
series of experiments, where the transfection efficiency can be quantitatively determined
(fluorescence detection). None of the improvement of any intermediate steps can be an
indicator of an improved transfection efficiency. With other previous protocols involving at
least 11 major steps (Fig. 2a), a user would face too many possible steps to be optimized for
their own tissue/cells. The key question is whether these 11 major steps are all necessary.
Our protocol involves a very brief tissue preparation and efficient cell-wall digestion system
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and the exclusion of at least 6 major processing steps (Fig. 2) used in common procedures. A
brief protocol is needed for easy adaptations to a much wider range of species and tissue
types through simple and efficient optimizations.
Plasmid DNA quality and size. The plasmid DNA needs to be ready for transfection
immediately after protoplast collection. The quality of plasmid DNA is an important factor
affecting the protoplast transfection efficiency. Both the DNA purification method and the
DNA OD260/OD280 value should be considered for evaluating the quality of the DNA for
transfection7, 48. We routinely use CsCl gradient ultracentrifugation for purification. When
compared with the other purification methods, this CsCl procedure in our hands consistently
gives the highest DNA yield and protoplast transfection efficiency, even when a DNA
OD260/OD280 value is as low as 1.47.
The size of the plasmid DNA does not seem to have a dramatic effect on transfection
efficiency in our protocol. While large plasmid DNA (> 10 kbs) is not recommended for
protoplast transfection22, 47, we have always been successful in transfecting SDX protoplasts
with a binary vector of 13 kbs11, 49 in size with transfection efficiencies similar to smaller
plasmid DNAs (< 10 kbs). The dependency of transfection efficiency on DNA sizes may be
cell-type specific. When available, smaller plasmid DNAs should be used first.
Experimental controls. We routinely use the green fluorescence protein GFP, expressed
under the control of a CaMV 35S promoter in a pUC19 vector (4.5 kb), as a reporter for
quantifying the transfection efficiency, using a GFP-less pUC19 vector as a negative
control6, 7, 11. For transient gene expression, we always use a single pUC19-based plasmid
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DNA for simultaneous expression of the target gene and GFP, each under the control of a
CaMV 35S promoter. A portion of the same batch of protoplasts is also transfected with the
same plasmid DNA but without the target gene as a negative control6, 7, 11.
Limitations
Plant cell protoplasts are known to maintain their differentiated state and many other unique
cell properties in isotonic solutions, but these cell properties may remain viable within ~48 h
after isolation7, 21, 22, 36. Therefore, protoplasts are not suitable as a cell or transient expression
system where longer term viability of essential cell properties is required. As individual free
cells lacking any compartmentalization, protoplasts are also not suitable for studying
processes associated with cell-to-cell communications.
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Materials
Reagents


Glucose (Acros Organics, cat. no. 41095)



Sodium chloride (NaCl) (Sigma, S3014)



Mannitol (Sigma, cat. no. M1902)



Potassium chloride (KCl) (Sigma, cat. no. P9541)



Calcium chloride (CaCl2) (Sigma, cat. no. C3881)



Magnesium chloride (MgCl2) (Sigma, cat. no. M8266)



4-morpholineethanesulfonic acid (MES) (Sigma, cat. no. M2933)



Bovine serum albumin (BSA) (Fisher, cat. no. BP1600)



Cellulase R-10 (Yakult Pharmaceutical Ind. Co., Ltd., cat. no. L0012). Store at 4 oC.



Macerozyme R-10 (Yakult Pharmaceutical Ind. Co., Ltd., cat. no. L0021). Store at 4

o

C.



Polyethylene glycol (PEG) 4000 (Sigma, cat. no. 81240)



RNeasy plant mini kit (Qiagen, cat. no. 74904)



RNase-free DNase set (Qiagen, cat. no. 79254)
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RNA 6000 Pico Kit (Agilent, cat. no. 5067-1513)



Premier peat moss (Wyatt-Quarles, cat. no. PM-0078P)



Sunshine MVP (Wyatt-Quarles, cat. no. GP-92079)



Osmocote (Hummert international, cat. no. 19-6-12)



Miracle-Gro (Hummert international cat. no. 65-3633)



LB broth (Fisher, cat. no. BP1427500)



One Shot® TOP10 chemically competent Escherichia coli (Invitrogen, cat. no.

C4040)


Glycerol (Sigma, cat. no. G6279)



Yeast extract (TEKnova, cat. no. Y9010)



Tryptone (TEKnova, cat. no. T9010)



Potassium phosphate, dibasic trihydrate (K2HPO4·3H2O) (Fisher, cat. no.

AC205935000)


Potassium phosphate monobasic (KH2PO4) (Sigma, cat. no. P9791)



Ethylenediaminetetraacetic acid disodium salt (EDTA-Na2) dihydrate (Sigma, cat. no.

E5134)
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Sodium hydroxide (NaOH) (Sigma, cat. no. S8045) ! CAUTION Sodium hydroxide

can decompose proteins and lipids which cause severe chemical burns. Protective equipment
should be always used during the operation of this compound.


Sodium dodecyl sulfate (SDS) (Sigma, cat. no. L3771) ! CAUTION SDS can cause

skin irritation. Masks should be used when handling SDS powder.


Potassium acetate (Sigma, cat. no. P1190)



Acetic acid (Fisher, cat. no. BP2401)



1-Butanol (Fisher, cat. no. A399)



Isopropanol (Fisher, cat. no. AC38971)



Ethanol, 95% (VWR, cat. no. V1116)



Cesium chloride (Sigma, cat. no. 562602)



Ethidium bromide (EtBr) (Sigma, cat. no. E8751) ! CAUTION Ethidium bromide is

mutagenic. Always wear gloves and avoid contact with skin or eye.


Double distilled autoclaved water (ddH2O)

Equipments


70-µm laboratory sifting mesh (Carolina Biological Supply, cat. no. 652222N)



Metallized hemacytometer Hausser Bright-Line (Hausser Scientific, cat. no. 3120)
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Fiskars bypass hand pruner (Lowes, cat. no. 88449) ! CAUTION The pruners are

very sharp. Be careful during cutting the stems using the pruners.


EMS flat-tip tweezers (Electron Microscopy Sciences, cat. no. 78332-125A)



Aluminum foil roll (VWR, cat. no. 89068-737)



50-ml Falcon tube (Worldwide, cat. no. 41021039)



2-ml round-bottomed microcentrifuge tube (USA Scientific, cat. no. 1620-2700)



Sigma high capacity centrifuge (Sigma, cat. no. 4-16k)



Optima Max-XP ultracentrifuge (Beckman Coulter, cat. no. 393315)



TubeOptiseal (Beckman Coulter, cat. no. 361621)



Swing-out rotor (Sigma, cat. no. 11150)



Round bucket for swing-out rotor (Sigma, cat. no. 13350)



Sterile petri dishes (VWR, cat. no. 25384-088)



6-well culture plate (Corning, cat. no. 3736)



Bioanalyzer (Agilent, Agilent 2100 Bioanalyzer)



Microcentrifuge (Eppendorf, cat. no. 5417C)



Pressure-formed containers (Hummert international, cat. no. 14-9640, 14-9637)
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2-liter flask (Fisher, cat. no. FB-500-2000)



Miracloth (Fisher, cat. no. NC9147303)



250-ml media bottle (Fisher, cat. no. 50-476-510)



20-G needle (Becton Dickinson, cat no. 305175) ! CAUTION Be careful during the

operation of needles.


3-ml syringe (Becton Dickinson, cat no. 309657)



Nanodrop (Thermo Scientific, Nanodrop 2000)



Incubator shaker I2400 (Fisher, cat. no. 14-728-2)

Reagent setup
0.1 M glucose Dissolve 9 g of glucose in 500 ml ddH2O. Filter it through a 0.45-µm filter
and store at room temperature.
1 M NaCl Dissolve 29.22 g of sodium chloride in 500 ml of ddH2O. Autoclave the solution
and store at room temperature.
3 M NaCl Dissolve 87.66 g of sodium chloride in 500 ml of ddH2O. Autoclave the solution
and store at room temperature.
0.8 M mannitol Dissolve 14.6 g of mannitol in 100 ml of ddH2O. Freshly prepare this
solution to ensure the concentration of mannitol is accurate.
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2 M KCl Dissolve 14.91 g of KCl in 100 ml of ddH2O. Autoclave the solution and store at
room temperature.
1 M CaCl2 Dissolve 29.4 g of CaCl2 in 200 ml of ddH2O. Autoclave the solution and store at
room temperature.
1 M MgCl2 Dissolve 9.52 g of MgCl2 in 100 ml of ddH2O. Autoclave the solution and store
at room temperature.
0.2 M MES (pH 5.7) Dissolve 7.8 g MES in 150 ml ddH2O. Use KOH to adjust the pH to
5.7, and dilute the solution to 200 ml using ddH2O. Filter the solution through a 0.45-µm
filter and store at room temperature.
10% BSA Dissolve 1 g of BSA in 10 ml of ddH2O. Divide into aliquots and store at -20oC.
0.5 M EDTA (pH 8.0) Stir 46.53 g of EDTA powder in 200 ml of ddH2O. Use NaOH to
adjust the pH to 8.0. Dilute the solution to 250 ml by adding ddH2O. Autoclave the solution
and store at room temperature.
10 mg/ml EtBr Dissolve 100 mg of EtBr in 10 ml of ddH2O. Store in the dark at 4 oC.
LB broth Dissolve 20 g LB powder in 1 liter of ddH2O. Autoclave the solution and store at
room temperature.
Terrific broth Dissolve 12 g of tryptone, 24 g of yeast extract, 2.2 g of KH2PO4 and 9.4 g of
K2HPO4·3H2O in 1 liter of ddH2O with 4 ml of glycerol. Autoclave the solution and store at
room temperature.
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Solution I Solution I is 10 mM EDTA (pH 8.0). Store at room temperature.
Solution II Dissolve 8 g of NaOH and 10 g of SDS in 1 liter of ddH2O. Store at room
temperature.
Solution III Dissolve 250 g of potassium acetate in 1 liter of ddH2O with 150 ml acetic acid.
Store at 4 oC
1M NaCl-saturated 1-butanol Mix equal volume of 1M NaCl and 1-butanol, shake
vigorously. Wait until the phases separate before use. Store in light-tight containers at room
temperature.
Cell wall digestion enzyme solution Dissolve 1.5% (wt/vol) Cellulase R-10 and 0.4%
(wt/vol) Macerozyme R-10 in 20 mM MES, 0.5 M Mannitol and 20 mM KCl solution, and
incubate at 55 oC for 10 min. Add 10 mM CaCl2 and 0.1% BSA after the enzyme solution
returns to room temperature. Enzyme solution can be stored at -20 oC for up to 1 month.
MMG solution MMG solution is 0.5 M mannitol, 4 mM MES (pH 5.7) and 15 mM MgCl2.
MMG solution can be stored at room temperature for up to 2 weeks.
PEG solution Dissolve 40% PEG 4000 in 0.2 M mannitol and 100 mM CaCl2 solution. This
is freshly prepared before use.
W5 solution W5 solution is 5 mM glucose, 2 mM MES (pH 5.7), 154 mM NaCl, 125 mM
CaCl2, and 5 mM KCl. W5 solution can be stored at room temperature for up to 1 month.

37

Procedure
Plant material maintenance
1 | Grow P. trichocarpa genotype Nisqually-1 plants in a greenhouse (17–26 oC, 16 h light/8
h dark cycle and supplemental lighting of ~150 µEm-2s-1) in soil containing ½ Premier peat
moss and ½ Sunshine MVP. Water (everyday) and fertilize (once a month; using Osmocote
and Miracle-Gro) the plants. While these plant growth conditions are more specific for
Nisqually-1, they may also be adequate for other Populus spp. However, users are advised to
identify the appropriate growth conditions for species or genotypes other than P. trichocarpa
Nisqually-1.
CRITICAL STEP Using a healthy tree for protoplast isolation will greatly improve
protoplast yield and transfection efficiency. In general, healthy leaves are indication of
healthy trees. For P. trichocarpa, stem secretion at the 2nd to 5th nodes are an indication of a
healthy tree (Fig. 3).
? TROUBLESHOOTING
2 | Propagate plants by branch cutting (15–20 cm) and rooting in water (Fig. 4) in a
greenhouse. After rooting, transfer the plants to 15 × 18 × 12 cm (top diameter/height/bottom
diameter) pots. After 3 months, transfer the plants to 30 × 24 × 22 cm pots.
CRITICAL STEP We routinely use 3- to 9-month-old plants for protoplast isolation.
Tissue preparation, protoplast isolation

TIMING 25 min
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3 | Cut the stems into four 10-cm segments (~0.5–0.8 cm in diameter). Peel off the bark from
the stem segments and submerge them into 40 ml cell-wall digestion solution in a 50-ml
Falcon tube.
CRITICAL STEP Only stems below the 10th internode should be used for protoplast
isolation.
CRITICAL STEP Debarked stem should have a very succulent surface.
? TROUBLESHOOTING
4 | Incubate the debarked stems in cell-wall digestion solution for 20 min in the dark.
5 | Transfer the digested stems to 30 ml of MMG solution in a 50-ml Falcon tube using
tweezers and shake for 30 s to release the protoplasts.
CRITICAL STEP After shaking the 50-ml Falcon tube, MMG solution will become
cloudy as the protoplasts are released.
? TROUBLESHOOTING
6 | Filter the protoplasts through a 70-µm nylon mesh into a new 50-ml Falcon tube.
7 | Measure the protoplasts concentration using a hemacytometer and adjust the concentration
to 2 × 105/ml for protoplast transfection (see below).
? TROUBLESHOOTING
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Box 1 | Plasmid DNA preparation

TIMING 2 d

High-quality plasmid DNA is needed for protoplast transfection. Impure plasmid DNA will
significantly reduce protoplast transfection efficiency. Different methods to purify plasmid
DNA for protoplast transfection were tested7,38,39. We recommend the CsCl gradient
ultracentrifugation method for plasmid DNA purification, which provides the highest
plasmid DNA yield and the best protoplast transfection efficiency. Plasmid DNA prepared
using the CsCl gradient ultracentrifugation method can stored at -20 oC for months before it
is used for protoplast transfection.
1. Inoculate 5 ml of sterile LB medium with a single TOP10 E. coli colony carrying the
plasmid DNA of interest and grow to late log phase (OD600 = ~0.6) at 37 oC as a seed culture.
2. Inoculate 250 ml of Terrific broth in a 2-liter flask with 500 µl of seed culture, and
incubate for 12 h at 37oC with vigorous shaking (~235 rpm).
CRITICAL STEP For culturing the same amount of terrific broth (250 ml), the plasmid
DNA yield is higher using a 2 liter flask than using 0.5- or 1-liter flasks.
3. Collect the E. coli by centrifugation at 5,000 g (swing-bucket rotor) or 7,000 g (fixedangle rotor) for 10 min at 4 oC.
PAUSE POINT E. coli pellet can be stored at -20 oC for up to 1 month until use.
4. Use 20 ml of solution I to resuspend the E. coli pellet.
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5. Add 40 ml of solution II to the E. coli suspension and invert the tube gently for 10 times.
Incubate the mixture at room temperature for 3-5 min.
6. Add 15 ml of solution III and invert the tube for 15 times.
7. Centrifuge at 3,000 g (swing-bucket rotor) for 10 min at 4 oC.
8. Filter the supernatant through 2 layers of Miracloth into a 250-ml media bottle.
9. Add 50 ml of isopropanol to the filtered supernatant to precipitate the plasmid DNA. Mix
well and incubate at room temperature for 10 min.
10. Spin down the plasmid DNA by centrifugation at 5,000 g (swing-bucket rotor) for 10 min
at room temperature.
11. Add 10 ml of 95% ethanol to rinse the plasmid DNA pellet and drain the ethanol.
12. Air dry the plasmid DNA pellet for 5-10 min.
13. Add 3.6 ml of solution I to dissolve the plasmid DNA pellet.
14. Dissolve 4.85 g of CsCl in the plasmid DNA solution and add 0.26 ml of EtBr.
15. Centrifuge at 4,000 g (swing-bucket rotor) for 5 min at room temperature.
16. Add the supernatant into a 5-ml ultracentrifugation tube and seal the tube with a cap.
17. Centrifuge at 657,000 g (fixed-angle rotor) for 10-12 h at room temperature.
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CRITICAL STEP Do not perform the centrifugation at temperature lower than 15 oC.
Lower temperatures will cause the CsCl to precipitate, disturbing the balance of the rotor and
damage the centrifuge.
20. Carefully remove the tube from the centrifuge without disrupting the plasmid DNA layer.
21. Remove the cap from the tube and recover the plasmid DNA band by inserting a 20-G
needle connected to a 3-ml syringe. The volume of recovered plasmid DNA is usually 1 ml.
CRITICAL STEP Due to the close proximity of the plasmid DNA and RNA bands
located within the ultracentrifuge tube after centrifugation, extra care should be taken during
plasmid DNA recovery to minimize RNA contamination.
22. Add 2 ml of ddH2O (2 volumes of plasmid DNA solution) to dilute the plasmid DNA
solution (~1 ml) containing CsCl to prevent precipitation of CsCl during the EtBr extraction
step (Step 23).
23. Add 3 ml of 1 M NaCl-saturated 1-butanol (equal volume of plasmid DNA solution) and
shake vigorously to extract the EtBr. The solution will separate into organic and aqueous
(containing plasmid DNA) phases. Remove the upper organic phase, and repeat this step
until no pink color (EtBr contamination) remains in the plasmid DNA solution (aqueous
phase). The volume of plasmid DNA remains as ~3 ml after EtBr extraction.
24. Add 9 ml (3 volumes of plasmid DNA solution) of 95% ethanol to precipitate the plasmid
DNA. Centrifuge at 5,000 g (swing-bucket rotor) or 7,000 g (fixed-angle rotor) for 10 min at
room temperature.
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25. Wash the plasmid DNA pellet with 5 ml of 75% ethanol twice and air dry the pellet.
26. Dissolve the plasmid DNA pellet with ddH2O and use a Nanodrop to determine the
plasmid DNA concentration.
CRITICAL STEP For a plasmid DNA pellet from 250 ml culture, 500–700 µl ddH2O is
recommended to dissolve the pellet, and the expected DNA concentration is 3–6 mg/ml.
? TROUBLESHOOTING
27. Adjust the plasmid DNA concentration to 1–3 mg/ml for protoplast transfection (see
below). Plasmid DNA can be stored at -20 oC for up to 6 months.

Protoplast transfection and incubation

TIMING 20 min

8 | Protoplast (2 × 105/ml), plasmid DNA (1–3 mg/ml) and PEG solution are required for
protoplast transfection. The ratio of protoplast/plasmid DNA/PEG solution volume (10:1:11)
should be fixed. The quantities of protoplasts are recommended for different types of
experiments in Table 2. We will use 2 × 105 protoplasts transfection as an example for the
following steps (Steps 8–15). Mix 1 ml of protoplasts with 0.1 ml of plasmid DNA, and then
add 1.1 ml of PEG 4000 solution in a 50-ml Falcon tube. Mix the protoplast mixture by
swirling the tube and incubate for 5–10 min at room temperature.
CRITICAL STEP The protoplasts mixture should be clear without any precipitation.
? TROUBLESHOOTING
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9 | Add 4.4 ml of W5 solution (2 volumes of protoplast mixture) and invert the 50-ml Falcon
tube for 7 times.
10 | Spin down the protoplasts by centrifugation at 300 g for 2 min at room temperature and
discard the supernatant.
? TROUBLESHOOTING
11 | Add 10 ml of W5 solution to resuspend the transfected protoplasts, and incubate the
protoplasts in a 100 × 15 mm petri dish coated with 1% BSA solution. The recommended
incubation times for different types of experiments are listed in Table 2.
CRITICAL STEP Coat the 100 × 15 mm petri dishes by adding 30–50 ml of 1% BSA
solution and shaking for 5–10 s. Discard the BSA solution.
CRITICAL STEP The transfection procedure for smaller quantities of protoplasts (2 ×
104) can be performed in a 2-ml round-bottomed microcentrifuge tube. The transfected
protoplasts (2 × 104) can be incubated in 1 ml of W5 solution in 6-well culture plates.
Protoplast harvest and determination of transfection efficiency

TIMING 10 min

12 | After incubation, transfer 300–500 µl of protoplasts to a 2-ml microcentrifuge tube to
examine the transfection efficiency (see below). Centrifuge the remaining protoplasts at 500
g for 2 min at room temperature and discard the supernatant. Freeze the protoplasts by liquid
nitrogen and store at -80 oC for up to 3 months until use.
? TROUBLESHOOTING
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13 | Centrifuge the 2-ml microcentrifuge tube from Step 12 at 500 g for 2 min at room
temperature. Use ~40 µl of supernatant to resuspend the protoplasts.
14 | Place the protoplasts on a hemacytometer and count both transfected (with fluorescence,
Fig. 5) and untransfected (no fluorescence) protoplasts. Transfection efficiency = number of
transfected protoplasts/total number of protoplasts.
? TROUBLESHOOTING

Box 2 | RNA extraction and quality examination

TIMING 80 min

RNA can be extracted from transfected SDX protoplasts for analysis by RNA deep
sequencing, micro-array, real-time RT-PCR, and northern blotting. In addition, protoplasts
transfected with plasmid DNA containing transcription factors can be used for quantitative
transcriptomics to rapidly decipher fuctional hierarchical regulatory networks7.
1. Extract RNA from protoplasts using the RNeasy Plant mini kit. Treat the RNA with
RNase-free DNase during the extraction to eliminate genomic DNA contamination. Detail
RNA extraction procedure is available from Qiagen (http://www.qiagen.com).
CRITICAL STEP ~100 ng of RNA can be extracted from 2 × 105 protoplasts using the
RNeasy Plant mini kit.
PAUSE POINT RNA can be stored at -80 oC for up to 6 months until use.
? TROUBLESHOOTING

45

2. Examine the RNA quality, the RNA integrity number (RIN), using Agilent Bioanalyzer
with RNA 6000 Pico kit (Fig. 6). The detailed procedure can be found in the user manual
from Agilent (http://www.home.agilent.com).
CRITICAL STEP Two indications of good quality RNA50,51: (1) The RNA integrity
number (RIN) number is close to 10. (2) The ratio of 18S rRNA to 28S rRNA is close to 2.
? TROUBLESHOOTING

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 3.

TIMING
Steps 3–7, tissue preparation, protoplast isolation: 25 min
Steps 8–11, protoplast transfection and incubation: 20 min
Steps 12–14, protoplast harvest and determination of transfection efficiency: 10 min
Box 1, plasmid DNA preparation: 2 d
Box 2, RNA extraction and quality examination: 80 min
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Anticipated results
After debarking, a succulent stem surface is anticipated for a healthy plant. If the stem
surface is dry or the bark is difficult to be peeled off, we do not recommend the operator to
continue with the experiment until a healthy plant is identified. Following our protocol, the
user should anticipate generating ~2.5 × 107 SDX protoplasts from two 10-cm stem segments
with diameters ranging from ~0.5 to ~0.8 cm. This yield is equivalent to ~2.5 × 107
protoplasts/g of fresh SDX. Another important indicator of a successful experiment is at Step
30, where the clear MMG solution becomes very cloudy due to the release of protoplasts
right after shaking the solution containing the digested stems. If at this step, the MMG
solution does not become cloudy, low protoplast yields would normally result. Low
protoplast yields may not suitable for all applications but may still be useful for certain
applications (Table 2). During protoplast transfection in Step 33, the mixture of protoplast
and plasmid DNA is anticipated to be clear without any precipitation. Precipitation at this
step usually is an indicator of low transfection efficiency, and the user should consider repurify the plasmid DNA before continuing to the next steps (see Table 4 for
troubleshooting).

Following our protocol, the user should anticipate an at least 30%

transfection efficiency. From every 2 × 105 protoplasts (transfected or non-transfected), the
user should anticipate isolation of over 100 ng of good quality total RNAs, with an RNA
integrity number (RIN) of ~9 and an 18S/28S rRNA ratio close to 2 (Fig. 6).
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Figure 1 | Cell types in the stem of P. trichocarpa and the stem dipping approach for releasing
protoplasts from wood forming cells. The cross-section view of the intact stem (a) and of the
stem with the bark partially separated from the wood (b) from a 6-month-old greenhouse
grown P. trichocarpa. Transverse semi-thin sections of the stem (c) and of the stem with bark
partially separated from the wood (d). The bark includes phloem (P) and phloem fiber (PF)
cells. The xylem or wood includes differentiating xylem (DX) cells, which mature into thickwalled xylem fiber (XF), vessel (V), and ray (R) cells. When the bark is separated or
removed from the wood, all VC, P and PF cells stay in the bark side (d), whereas DX cells
stay with XF, V, and R cells in the wood side (d). In situ localization of cellulose synthase
gene transcripts (EgraCesA) in stems of eucalyptus46. Serial transverse sections (10 µm)
from the sixth (e), eighth (f) stem internodes were hybridized with DIG-labeled probes
derived from EgraCesA1 (e), and EgraCesA3 (f) (Lu S. et al. (2008)). To generate
protoplasts from the wood forming cells, or the DX cells, the stem is first debarked (g) and
cut into 10-cm segments and 4 such segments are emerged into the cell-wall digestion
solution in a 50-ml Falcon tube (h). Transverse semi-thin cross-sections of a debarked stem
before (i) and after (j) cell-wall digestion, showing approximately 6 layers of stem
differentiating xylem (SDX) cells (space between blue dotted lines in (j)) are released after
digestion. The upper blue dotted line in (i) indicates the outmost DX cell layer. Crosssections (b, d, i and j) were stained with Fast green and Safranin O showing mature XF, V
and R cells in red and differentiating xylem (DX) cells in light brown and blue. The white
scale bars in (a), (b), (g), and (h) are equivalent to 1 cm; the black scale bars in (c), (d), (e),
(f), (i), and (j) are equivalent to 50 µm.
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Figure 2 | The workflows highlighting the difference of timing and the reduced steps of
protoplast isolation and transfection systems between previous (a) and our current (b)
protocols. The difference can be explained by the protoplast yield, timing, and transfection
efficiency (see Table 1).
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Table 2 | Suggested quantities of protoplasts and incubation times for different applications.
Protoplast quantity
Application
Incubation time
4
2 × 10
Subcellular localization
5–24 h
2 × 104

GUS assay

7–12 h

2 × 105

RT-PCR

7–24 h

5 × 105

Western blotting

7–12 h

6 × 105

RNA sequencing

7–24 h

5 × 106

Immunoprecipitation

7–12 h

Table 3 | Troubleshooting table
Steps
Problem
1
Poor plant condition

Possible reason
No enough water or
nutrients

Solution
Water and fertilize
(Osmocote and MiracleGro) plants routinely

No stem sap on the
nodes

The trees are not in
the growing season

Examine whether the
temperature is stable in the
greenhouse

3

The surface is not
juicy

No enough water or
low greenhouse
temperature

Water the trees more
frequently and examine the
temperature of the
greenhouse

5

MMG solution does
not become cloudy

Poor tree condition

See troubleshooting of Step
1

7

Low
concentration/yield of
protoplasts

Poor plant growth or
ineffective enzymes

Ensure the plants are healthy
and the enzymes have not
been stored for too long

Low plasmid DNA
yield

Using over-cultured
bacteria

Ensure the culture time of
the bacteria is around 12 h.

Box 1
(step 26)
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Table 3 Continued
Using low copy
number vector

Change to high copy
number vector

Precipitation in
protoplast and DNA
mixture

Salt contamination in
plasmid DNA

Repeat more times of 75%
ethanol washing (Step 25)

10, 12

Low recovery of
transfected
protoplasts

Not effective
centrifugation

Higher centrifugation speed
(up to 750 g) or longer
centrifugation time (up to 5
min) can be applied for
higher protoplast recovery.
Centrifugation speed higher
than 750 g may damage the
protoplasts.

14

Low transfection
efficiency

Protoplasts from
unhealthy plants or
low quality of
plasmid DNA

Ensure the plants are healthy
and use CsCl gradient
ultracentrifugation method
to extract the plasmid DNA

Box 2
(step 1)

Genomic DNA
contamination

Not effective DNase
digestion

Perform DNase digestion in
the microcentrifuge tube
instead of on column

Box 2
(step 2)

Poor RNA quality

RNase contamination
or too much
supernatant left
during protoplast
harvest

Ensure the RNA extraction
kit is not expired and discard
as much supernatant as
possible when harvesting
protoplasts

8
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Supplementary Table 1. Optimization of PEG-Mediated P. trichocarpa SDX Protoplast
DNA Transfection

a

Plasmid DNA
purification
Qiagen mini

DNA/cell
ratio
10 µg/2 ×104

PEG
type
% [v/v]
PEG4000
40

Qiagen midi

10 µg/2 ×104

PEG4000

CsCl gradient

30 µg/2 ×104

CsCl gradient

Transfection
time (min)
10

Transfection
efficiencya
< 5% (n>10)

40

10

~ 15% (n>10)

PEG4000

40

10

~ 30% (n>10)

20 µg/2 ×104

PEG4000

40

10

~ 30% (n>10)

CsCl gradient

10 µg/2 ×104

PEG8000

40

10

< 5% (n=1)

CsCl gradient

10 µg/2 ×104

PEG6000

40

10

< 15% (n=1)

CsCl gradient

10 µg/2 ×104

PEG4000

10

10

< 5% (n=1)

CsCl gradient

10 µg/2 ×104

PEG4000

20

10

< 15% (n=1)

CsCl gradient

10 µg/2 ×104

PEG4000

40

0.5

< 30% (n=2)

CsCl gradient

10 µg/2 ×104

PEG4000

40

5

~ 30% (n=2)

CsCl gradient

10 µg/2 ×104

PEG4000

40

10

~ 30% (n>200)b

CsCl gradient

10 µg/2 ×104

PEG4000

40

15

~ 30% (n>10)

CsCl gradient

10 µg/2 ×104

PEG4000

40

30

< 30% (n=2)

CsCl gradient

10 µg/2 ×104

PEG4000

40

60

< 15% (n=2)

n represents the number of biological replicates of transfection efficiency test (see

Procedure) for each set of conditions.
b

The optimized SDX protoplast transfection condition used for all PtrSND1-B1

overexpression experiments.
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Introduction
Wood is a renewable raw material and the fifth most important product of world trade
(Plomion et al., 2001; Lepikson-Neto et al., 2013). Wood is used for fuel, construction, and
pulp production, which makes wood a very important resource for our society. The process
of wood formation is one of the most significant sinks of atmospheric CO2 to reduce the main
cause of global warming. Wood formation involves a highly ordered process of cell division,
cell expansion, cell differentiation, secondary cell wall thickening, and programmed cell
death through many regulatory hierarchical levels (Riechmann et al., 2000; Davidson, 2001;
Wray et al., 2003; Jothi et al., 2009). Through the regulation of molecular and genomic
results in woody plants, many transcription factors were shown to regulate wood formation
(Schrader et al., 2004; Goicoechea et al., 2005; Prassinos et al., 2005; Bedon et al., 2007;
Bomal et al., 2008; Pavy et al., 2008; Du et al., 2009; Wilkins et al., 2009; Grant et al., 2010;
Zhong et al., 2010b; Robischon et al., 2011). Among these transcription factors, a group of
NAC (for NAM, ATAF1/2, and CUC2) domain transcription factors have been demonstrated
to function as master regulators, including SND1 (for secondary wall–associated NAC
domain protein), VND6 (for vascular-related NAC-domain), and SND2/3 (Kubo et al., 2005;
Mitsuda et al., 2005, 2007; Zhong et al., 2006, 2007, 2008; Yamaguchi et al., 2008; Wang et
al., 2013). These NAC domain proteins can activate the expression of many downstream
MYB transcription factors, and result in a cascade of transcription factors for regulation of
secondary wall biosynthesis and wood formation (Zhong et al., 2007, 2008; McCarthy et al.,
2009; Zhou et al., 2009). In Arabidopsis and poplar, SND1 transgenic poplar plants with
dominant repression of NAC domain protein functions exhibit a drastic reduction in
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secondary wall thickening. SND1 overexpression results in ectopic deposition of secondary
walls (Zhong et al., 2006; 2011). In Arabidopsis, the overexpression of VND6 induces the
ectopic differentiation of metaxylem-like vessels (Kubo et al., 2005), and the overexpression
of VND6 fused to a repressor domain causes defects in vessel elements (Kubo et al., 2005;
Yamaguchi et al., 2008). In poplar, wood formation was severely repressed in SND2
transgenic poplar plants overexpressing PtSND2 fused with a repressor domain; the
secondary cell wall thickness of xylem fibers was thinner, and the contents of cellulose and
lignin were decreased (Wang et al., 2013).
Because the NAC domain proteins are the master regulators, the regulation of NAC domain
proteins can play a critical role in wood formation. For example, an abnormal overexpression
level of SND1 can cause the ectopic xylogenesis and stunted growth (Zhong et al., 2006; Li
et al., 2012). Little is known about the regulation of NAC domain protein. The splicing
variant of PtrSND1-A2, PtrSND1-A2IR (Intron Retention), acts as a dominant negative of
the SND1 family transcriptional network regulation in Populus trichocarpa (Li et al., 2012).
PtrSND1-A2IR can inhibit the transcription of PtrSND1 members and their downstream
gene, PtrMYB021. For transcription factors to regulate their downstream genes, a set of two
transactivation domains formed through dimerization and a dual DNA-binding specificity are
necessary (Klemm et al., 1998; Müller et al., 2001; Gaston et al., 2003; Amoutzias et al.,
2008). PtrSND1-A2IR lacks a DNA binding domain and a transactivation domain but retains
the protein dimerization function. Co-expressing with any of the PtrSND1 family members,
PtrSND1-A2IR can be translocated into the nucleus by forming heterodimers with the
PtrSND1 members. Compared to SND1 homodimers (SND1/SND1), the heterodimers
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(SND1/A2IR) have only one functional DNA binding domain and transactivation domain,
which may cause the heterodimers to become incapable of activating the downstream genes
(Li et al., 2012). To understand the inhibition of PtrSND1-A2IR, the DNA binding and
transactivation of the heterodimers still need to be investigated. The transcriptional regulation
of the PtrVND6 family also use a similar mechanism. PtrVND6-C1IR is a splicing variant of
PtrVND6-C1, and can inhibit the PtrVND6 family transcription (Li et al., 2014). Sharing the
similar mRNA and protein structure with PtrSND1-A2IR, the mRNA of PtrVND6-C1IR has
retained intron 2. A premature termination codon exists in the retained intron 2, so the
protein of PtrVND6-C1IR has an incomplete N-terminal NAC domain and no C-terminal
transactivation domain. PtrVND6-C1IR can inhibit the transcription of the PtrVND6 family,
but the mechanism is still unknown. Surprisingly, PtrVND6-C1IR can not only inhibit
PtrVND6 family, but can also inhibit the PtrSND1 family. PtrSND1-A2IR can also suppress
PtrVND6 family (Li et al., 2014).The inhibition of PtrSND1 and PtrVND6 by their IRs
suggests cross regulation between the PtrSND1 and PtrVND6 families.
In this study, we demonstrated that PtrVND6-C1IR and PtrSND1-A2IR can both be
translocated into the nucleus by PtrSND1 and PtrVND6. The results of yeast two-hybrid tests
for protein interaction showed that PtrSND1-A2IR can form a dimer with PtrVND6-C1.
Furthermore, PtrSND2/3 members can also translocate PtrVND6-C1IR and PtrSND1-A2IR
into the nucleus, demonstrating a common mechanism used by the NAC domain proteins to
regulate their expression through forming non-function heterodimers with the splicing
variants. We also found that PtrSND1-A2IR inhibits PtrSND1 family by forming a
heterodimer with decreased DNA binding ability.
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Materials and Methods
SDX Protoplast Isolation, Transfection.
The SDX protoplast isolation, transfection were followed as described by Lin et al., (2013).
Four 10-cm-long stem fragments were peeled to remove the bark and immersed in a 50 mL
centrifuge tube containing 40 mL of enzyme digestion solution. After 20 min digestion at
room temperature, the stems were transferred to a 50 mL tube with 30 mL MMG solution,
and the protoplasts were released by gentle shaking. The protoplasts were ﬁltered through a
75-mm nylon mesh and counted by using a hemocytometer. The final concentration of
protoplasts is 2 × 105 cells per milliliter for plasmid DNA transfection.

Subcellular Protein Localization.
The plasmid DNA containing GFP fusion NAC protein was constructed as described by Li et
al., (2014). The ﬂuorescence was observed under a Zeiss L M 71

laser scanning

microscope. The excitation wavelength and the emission wavelength are 488 nm and 492–
543 nm, respectively, for GFP, and 561 nm and 582–662 nm, respectively, for mCherry as
described by Li et al., 2012.
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Yeast two-hybrid assays
The yeast two-hybrid assays was performed as described by Li et al., 2012. The full-length
coding region of PtrSND1-A2IR and the N-terminal NAC domain coding regions of
PtrVND6-C1 are in the bait vector pGBKT7 and the prey vector pGADT7AD (Clontech),
respectively. The bait and prey plasmids were cotransformed into the Y2HGold yeast strain
and selected on synthetic dropout-agar plates lacking leucine (Leu) and tryptophan (Trp)
(SD/–Leu/–Trp). Positive clones were plated on synthetic dropout-agar plates lacking
leucine, tryptophan, histidine, and adenine (Ade) (SD/– Leu/–Trp/–His/–Ade) for 5–14 d.

In vitro transcription/translation protein synthesis
The plasmid DNA (Duet-A2: PtrSND1-A2 expression vector. Duet-A2IR: PtrSND1-A2IR
expression vector) was constructed as described by Li et al., 2014. The in vitro
transcription/translation protein synthesis was performed according to the manual of the
PURExpress in vitro protein synthesis (New England Biolabs). The necessary number of
aliquots of solution A and B were thawed on ice. Solution A, solution B, RNase inhibitor,
DNA template, and nuclease-free water were added in a 0.2-ml tube consecutively. The
mixture was mixed gently and collected at the bottom of the tube by spinning. The mixture
was then incubated at 37oC for 2 hr. The reaction was stopped by placing the 0.2-ml tube on
ice. The synthesized proteins were used for western blotting immediately as described in
Chen et al., 2011.
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Results and Discussion
Messenger RNA and protein structure of splicing variants PtrVND6-C1 and PtrVND6C1IR
We analyzed the mRNA sequence and protein structure of PtrVND6-C1 based on the P.
trichocarpa genome (V2.0; http://www.phytozome.org). The genomic DNA sequence of
PtrVND6-C1 (POPTR_0007s13910) contains 3 exons and 2 introns (Fig. 1A). There are 2
splice variants of PtrVND6-C1: PtrVND6-C1 and PtrVND6-C1IR. PtrVND6-C1 mRNA has
3 exons, and the mRNA of PtrVND6-C1IR has 3 exons and 1 intron (intron 2). The intron 2
in PtrVND6-C1IR is retained during the mRNA splicing.
The inferred protein structure of PtrVND6-C1 includes an N-terminal NAC domain (β’,
α1a/b, and β1–β6 subdomains) and a C-terminal activation domain (Fig. 1C, D). Because of a
premature termination codon in the intron2 of the PtrVND6-C1IR mRNA, PtrVNDC1IR is
only translated from exon1, exon2 and a part of intron2 leading to a smaller protein (21.1 kD)
rather than the PtrVND6-C1 (39.7kD). Due to the premature termination of translation,
PtrVND6-C1IR contains an incomplete NAC domain (β’, α1a/b, and β1–β5 subdomains.).
Because the β6 subdomain and C-terminal activation domain are encoded in exon3, they are
not in the PtrVND6-C1IR protein (Fig. F, G). Therefore, the mRNA (3 exons + 1 intron) and
protein structure (lacking the β6 subdomain and transactivation domain) of PtrVND6-C1IR
are similar to PtrSND1-A2IR (Li et al., 2012). We call the PtrVND6 members with intact
NAC domain and transactivation domains as full-size PtrVND6 members compared to
PtrVND6-C1IR.

88

Figure 1. Gene and protein sequence structure of PtrVND6-C1 and PtrVND6-C1IR (A)
PtrVND6-C1 genomic DNA with three exons (E1–E3) and two introns (I1 and I2). (B)
PtrVND6-C1 mRNA with 5’ and ′UTR (grey boxes). (C) Ptr ND6-C1 protein with an Nterminal NAC domain and a C-terminal activation domain. (D) Detail structure of the
PtrVND6-C1 protein. NAC domain contains β’, α1a/b, and β1–β6 subdomains. (E)
PtrVND6-C1IR mRNA with a retained intron , 5’ and ′UTR (grey boxes). A premature
termination codon (PTC) is in the retained intron 2. (F) PtrVND6-C1IR with an incomplete
N-terminal NAC domain and without an activation domain. (G) Detail structure of PtrVND6C1IR containing β’, α1a/b, and β1–β5 subdomains. β6 is not included in Ptr ND6-C1IR
protein.

89

PtrVND6-C1IR is in cytoplasmic foci and the six full-size PtrVND6s are in the nucleus
of P. trichocarpa SDX cells.
To study the function of PtrVND6-C1IR, we first examined the subcellular localization of
PtrVND6-C1IR. Green fluorescence protein (GFP) was fused with PtrVND6-C1IR at the
protein C-terminus. Because the subcellular localization of all full-size PtrVND6 family has
not been shown before, we also fused GFP to each of the other PtrVND6 members at the Cterminus. Most of the NAC domain proteins were found in the nucleus (Zhong et al., 2006;
Li et al., 2012), so we cotransfected PtrVND6-C1IR with H2A-1 (a nuclear marker) fused
with mCherry, a red fluorescent protein, to reveal the subcellular location. We cotransfected
each of the PtrVND6 members fused with GFP including PtrVND6-C1IR with H2A-1
(mCherry) into xylem protoplasts, and observed the transfected xylem protoplasts under a
confocal microscope. All full-size PtrVND6s co-localized with H2A-1 in the nucleus (Fig.
2A-F), but PtrVND6-C1IR was not located in the nucleus. PtrVND6-C1IR was found in
cytoplasm foci (Fig. 2G), which is similar to the subcellular location of SND1-A2IR (Li et
al., 2012). We then asked if PtrVND6-C1IR localizes in the same location as PtrSND1-A2IR.
We fused mCherry to the protein C-terminus of PtrSND1-A2IR, and transfected PtrVND6C1IR-GFP with PtrSND1-A2IR-mCherry into xylem protoplasts. PtrVND6-C1IR is found in
the same location as PtrSND1-A2IR in cytoplasm foci (Fig. 3A). We also switched the
fluorescent proteins between PtrVND6-C1IR and PtrSND1-A2IR, and the results were the
same (Fig. 3B).
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Figure 2. Protein localization in P. trichocarpa SDX protoplasts. The full-size PtrVND6
members are located in the nucleus, and PtrVND6-C1IR is found in cytoplasm foci. (A–G)
Subcellular location of seven PtrVND6 fusion proteins: PtrVND6-A1 (A), PtrVND6-A2 (B),
PtrVND6-B1 (C), PtrVND6-B2 (D), PtrVND6-C1 (E), PtrVND6-C2 (F), and PtrVND6C1IR (G). Each PtrVND6 was fused with GFP and cotransfected with the nuclear marker
H2A-1:mCherry into SDX protoplasts.
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Figure 3. Protein localization in P. trichocarpa SDX protoplasts demonstrates that PtrVND6C1IR localize in the same location as PtrSND1-A2IR in the cytoplasm foci. (A, B)
Subcellular localization of PtrVND6-C1IR. PtrVND6-C1IR was fused with GFP and
cotransfected with PtrSND1-A2IR fused with mCherry into xylem protoplasts (A).
PtrVND6-C1IR was fused with mCherry and cotransfected with PtrSND1-A2IR fused with
GFP into xylem protoplasts (B).
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Cytoplasmic PtrVND6-C1IR can be translocated into the nucleus by full-size
PtrVND6s.
Because PtrVND6-C1IR can inhibit the transcription of PtrVND6 and PtrMYB021 (Li et al.,
2014) and is in the same location as PtrSND1-A2IR (Fig. 3), we examined whether
PtrVND6-C1IR inhibits PtrVND6 and PtrMYB021 through the same mechanism as
PtrSND1-A2IR. We cotransfected each of the full-size PtrVND6 members (GFP) with
PtrVND6-C1IR (mCherry) into xylem protoplasts. With the co-transfection of any one of the
six full-size PtrVND6 members, PtrVND6-C1IR was translocated from the cytoplasmic foci
(Fig. 3) to the nucleus, illustrated by the nuclear colocalization of PtrVND6-C1IR (mCherry)
with each of the six full-size PtrVND6s (GFP) (Fig. 4A-F). We also transfected PtrVND6C1IR (GFP) with PtrVND6-C1IR (mCherry) as a control, and both GFP and mCherry signal
were shown in cytoplasm foci which shows that PtrVND6-C1IR cannot translocate into the
nucleus by itself (Fig. 4G). Each PtrVND6 can translocate PtrVND6-C1IR into the nucleus,
which means PtrVND6-C1IR may have the ability to form heterodimers with PtrVND6 to
inhibit their transcriptional activation.
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Figure 4. Protein colocalization in P. trichocarpa SDX protoplasts demonstrates that
PtrVND6-C1IR is translocated from cytoplasmic foci to the nucleus by full-size PtrVND6
members. (A–F) Translocation of PtrVND6-C1IR from the cytoplasmic foci (Fig. 1G) into
the nucleus by full-size PtrVND6s. (G) Without the full-size PtrVND6s carrier, PtrVND6C1IR remains in the cytoplasm.

94

Cytoplasmic PtrVND6-C1IR can be translocated into the nucleus by full-size PtrSND1s.
The NAC domain is highly conserved among NAC proteins, and the protein dimerization
domain is included in NAC domain. Although PtrVND6-C1IR does not have a C-terminal
activation domain, it has a N-terminal protein dimerization domain. It is highly possible that
PtrVND6-C1IR inhibits the transcription of PtrVND6s by forming heterodimers, because
PtrVND6-C1IR can be translocated into the nucleus by PtrVND6s. PtrVND6-C1IR can also
inhibit the transcription of PtrSND1s, so we tested whether PtrVND6-C1IR can form dimers
with PtrSND1s by being translocated into the nucleus by PtrSND1s. PtrVND6-C1IR
(mCherry) and each of the PtrSND1s (GFP) were cotransfected into xylem protoplasts. With
the transfection of any one of the four full-size PtrSND1 members, PtrVND6-C1IR was
translocated from the cytoplasmic foci (Fig. 3) to the nucleus, demonstrated by the nuclear
colocalization of PtrVND6-C1IR (mCherry) with each of the four full-size PtrSND1s (GFP)
(Fig. 5A-D). This result proved that PtrSND1 members can interact with PtrVND6 members.
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Figure 5. Protein colocalization in P. trichocarpa SDX protoplasts. (A–D) Translocation of
PtrVND6-C1IR from the cytoplasmic foci (FigX. 1G) into the nucleus by the full-size
PtrSND1s.
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Cytoplasmic PtrSND1-A2IR can be translocated into the nucleus by full-size PtrVND6s.
PtrVND6-C1IR can be translocated from cytoplasm foci into the nucleus by PtrSND1
members, which demonstrates the interaction between PtrSND1 and PtrVND6 members. We
then tested if PtrSND1-A2IR can also be tranlocated from cytoplasm foci into the nucleus by
PtrVND6 members. PtrVND6-C1IR (mCherry) and each of the PtrSND1s (GFP) were
cotransfected into xylem protoplasts. With the transfection of any one of the four full-size
PtrVND6 members, PtrSND1-A2IR was translocated from the cytoplasmic foci (Li et al.,
2012) to the nucleus, demonstrated by the nuclear colocalization of PtrSND1-A2IR
(mCherry) with each of the six full-size PtrVND6s (GFP) (Fig. 6A-F).
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Figure. 6. Protein colocalization in P. trichocarpa SDX protoplasts. (A–F) Translocation of
PtrSND1-A2IR from the cytoplasmic foci (Li et al., 2012) into the nucleus by the full-size
PtrSND1s.
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Yeast two-hybrid assays demonstrate that PtrSND1-A2IR dimerizes with PtrVND6-C1.
All PtrVND6 members can translocate PtrSND1-A2IR, which indicates that PtrSND1-A2IR
may have the ability to form heterodimers with all PtrVND6 members. We performed yeast
two-hybrid experiments to test whether PtrSND6-A2IR can form dimers with PtrVND6-C1.
PtrVND6-C1 was fused with a DNA binding domain (BD: PtrVND6-C1) in the pGADT7
vector, and PtrSND1-A2IR was fused with an activation domain (AD: PtrSND1-A2IR) in the
pGBKT7 vector. We cotransformed BD: PtrVND6-C1 and AD: PtrSND1-A2IR into yeast.
With both vectors transformed, the yeast can survive on the -Leu/-Trp dropout plates (Fig. 7).
If two proteins (ex. PtrVND6-C1 and PtrSND1-A2IR) can interact with each other, the yeast
can survive on the -Leu/-Trp/-His or -Leu/-Trp/-His/-Ade dropout plates. Because -Leu/Trp/-His/-Ade dropout plates have high stringency selection, only the protein with strong
interactions allow the yeast to survive. The yeast with BD: PtrVND6-C1 and AD: PtrSND1A2IR vectors survived on the -Leu/-Trp/-His/-Ade dropout plates, which demonstrated a
strong interaction between PtrVND6-C1 and PtrSND1-A2IR (Fig. 7A). We also used a
commercial positive control, a commercial negative control, and three other negative controls
(Fig. 7B): (1) Commercial positive control: the yeast was transformed by BD: 53 and AD: T,
which can survive on the-Leu/-Trp and -Leu/-Trp/-His/-Ade dropout plates. (2) Commercial
negative control: the yeast was transformed by BD: Lam and AD: T, which can survive only
on the-Leu/-Trp dropout plates. (3) Negative control: The yeast transformed with BD:
PtrVND6-C1 and AD: Empty. (4) Negative control: The yeast transformed with BD: Empty
and AD: PtrSND1-A2IR. (5) Negative control: The yeast transformed with BD: Empty and
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AD: Empty. The controls can only survive on the -Leu/-Trp dropout plates but not on the Leu/-Trp/-His/-Ade dropout plates.

Figure 7. Yeast two-hybrid tests demonstrate that PtrSND1-A2IR interacts with PtrVND6C1. PtrVND6-C1 was fused to the Gal4 binding domain (BD) to make BD: PtrVND6-C1 as
the bait. PtrSND1-A2IR was fused to the Gal4 activation domain (AD) to make AD:
PtrSND1-A2IR as the prey. AD or BD fused with no gene, AD: Empty and BD: Empty,
served as negative controls. Each bait and prey pair was cotransfected into yeast cells and
selected on the –Leu/–Trp (–LW) plates. (A) PtrSND1-A2IR/PtrVND6-C1 protein-protein
interaction was validated by the survival of the transformants on the SD/–Leu/–Trp/–His/–
Ade (–LWHA) plates. (B) The commercial positive control (BD: 53/AD: T) and negative
control (BD: Lam/AD: T).
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Cytoplasmic PtrSND1-A2IR and PtrVND6-C1IR can also be translocated into the
nucleus by PtrSND2/3, PtrSBD2/3-like, PtrSND1-like, and PtrANAC
The NAC domain is highly conserved, so PtrSND1-A2IR and PtrVND6-C1IR may also be
translocated into nucleus by other NAC domain proteins by forming heterodimers. We used
the NAC domain sequence similarity (Li et al., 2012) to select other NAC domain protein
candidates (other than PtrSND1 and PtrVND6) for PtrSND1-A2IR and PtrVND6-C1IR
translocation tests. We selected PtrSND2/3, PtrSBD2/3-like, PtrSND1-like as a high
similarity group, and PtrANAC for a low similarity group. Because the subcellular location
of these NAC proteins has not been reported, we first tested their subcellular location.
PtrSND2/3, PtrSBD2/3-like, PtrSND1-like, and PtrANAC were fused with GFP and
transfected into xylem protoplasts, and all of them are located in the nucleus (Fig. 8).
PtrSND2/3, PtrSBD2/3-like, PtrSND1-like, and PtrANAC are all in the nucleus, so they may
have the ability to translocate PtrSND1-A2IR and PtrVND6-C1IR into the nucleus. We then
cotransfected PtrSND2/3, PtrSBD2/3-like, PtrSND1-like, or PtrANAC (GFP) with PtrSND1A2IR or PtrVND6-C1IR (mCherry) into xylem protoplasts. Both PtrSND1-A2IR and
PtrVND6-C1IR can be translocated into the nucleus by PtrSND2/3, PtrSBD2/3-like,
PtrSND1-like, and PtrANAC (Fig. 9) which indicates that PtrSND1-A2IR and PtrVND6C1IR may also regulate these genes.
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Figure 8. Subcellular protein localization. (A) PtrSND2/3-A1, (B) PtrSND2/3-B1, (C)
PtrSND2/3-B2, (D) PtrSBD2/3-like2, (E) PtrSND1-like2, and (F) PtrANAC. Each gene was
fused with GFP and cotransfected with the nuclear marker H2A-1: mCherry into xylem
protoplasts.
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Figure 9. Protein colocalization in P. trichocarpa SDX protoplasts demonstrates that
PtrSND1-A2IR and PtrVND6-C1IR are translocated from cytoplasmic foci to the nucleus by
PtrSND2/3, PtrSBD2/3-like, PtrSND1-like, and PtrANAC. (A–F) Translocation of PtrSND1A2IR from the cytoplasmic foci (Li et al., 2012) into the nucleus. (G–H) Translocation of
PtrVND6-C1IR from the cytoplasmic foci into the nucleus.
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PtrVND6-C1 antibody specificity tests provide in vivo evidence of PtrVND6-C1 and
PtrVND6-C1IR heterodimer formation.
PtrSND1-A2IR and PtrVND6-C1IR can be translocated into the nucleus by many NAC
domain proteins by forming heterodimers. In vivo results using co-immunoprecipitation of
PtrSND1-A2IR and PtrVND6-C1IR with NAC proteins using the nuclear protein extracted
from xylem tissue can provide additional solid evidence for these heterodimers. Because the
PtrSND1-A2IR and PtrVND6-C1IR protein sequence are almost identical to PtrSND1-A2
and PtrVND6-C1, respectively, the only part that can be used to generate specific antibody
are the protein sequence translated from intron 2 (Fig. 1E, F), which does not exist in
PtrSND1-A2 and PtrVND6-C1 proteins. However, the intron 2 protein sequence of
PtrSND1-A2IR is not suitable for antibody production, so we could only synthesize a
PtrVND6-C1IR specific antibody and test its specificity (Li et al., 2014). To test for the
PtrVND6-C1IR and PtrVND6-C1 heterodimer, we also synthesized an antibody specific to
PtrVND6-C1. For the PtrVND6-C1 antibody specificity test, we fused each gene of the gene
pair, PtrVND6-C1 and PtrVND6-C2, to Strep tags resulting in Strep:PtrVND6-C1 and
Strep:PtrVND6-C2. We used an in vitro transcription/translation protein synthesis system to
synthesize PtrVND6-C1 and PtrVND6-C2 to perform western blotting. Two western blots
were performed, and the proteins were detected by a Strep tag antibody and PtrVND6-C1
antibody. The Strep tag antibody can recognize both PtrVND6-C1 and PtrVND6-C2, but the
PtrVND6-C1 antibody can only recognize PtrVND6-C1 which demonstrates the antibody’s
specificity (Fig. 10). The PtrVND6-C1 and PtrVND6-C1IR specific antibodies can be used
for future co-immunoprecipitation experiments.
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Figure 10. Western blotting for antibody specificity. Synthesized proteins from in vitro
transcription/translation protein synthesis, including empty vector (N), PtrVND6-C1 (C1)
and PtrVND6-C2 (C2) fused with Strep tag at the N terminus were probed with the anti-Step
and anti-PtrVND6-C1 antibodies, respectively. The Strep tag antibody can recognize both
PtrVND6-C1 (C1) and PtrVND6-C2 (C2) fused with Strep tag, and the PtrVND6-C1
antibody can recognize only PtrVND6-C1 (C1).
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The PtrSND1-A2IR and PtrSND1-A2 heterodimer has decreased DNA binding ability.
PtrSND1-A2IR can inhibit the function of PtrSND1-A2 by forming a heterodimer. The
PtrSND1-A2IR protein has no DNA binding ability or activation domain (Li et al., 2012),
which means that the A2IR/A2 heterodimer may have decreased DNA binding or activation
ability. To test if the A2IR/A2 heterodimer has decreased DNA binding ability, we coexpressed PtrSND1-A2IR with PtrSND1-A2 NAC domain and performed electrophoretic
mobility shift assay (EMSA) using the promoter fragments of PtrMYB021, PtrSND1-A2
direct target (Li et al., 2012; Lin et al., 2013). We first fused the PtrSND1-A2 NAC domain
and PtrSND1-A2IR to a His tag and a Flag tag, respectively, resulting His-PtrSND1-A2NAC
and Flag-PtrSND1-A2IR expression vectors. We used in vitro transcription/translation
protein synthesis system to express His-PtrSND1-A2NAC and Flag-PtrSND1-A2IR by
adding the expression vectors. During protein synthesis, the total amount of expression
vectors were set at equimolar levels to keep the same protein synthesis efficiency, and an
empty vector was used as negative control. PtrSND1-A2 NAC domain can bind to the
PtrMYB021 promoter fragment, and PtrSND1-A2IR cannot bind (Fig. 11A). When we
increased the amount of PtrSND1-A2IR (Fig. 11B), the DNA binding ability of PtrSND1-A2
NAC domain decreased (Fig. 11A). The results demonstrate that PtrSND1-A2IR can inhibit
the DNA binding ability of PtrSND1-A2 presumably by forming heterodimers.
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Figure 11. The DNA binding ability of PtrSND1-A2 and PtrSNd1-A2IR heterodimer. (A)
Different amounts and types of protein expression vector combinations were used in EMSA.
Duet: Empty vector. Duet-A2: PtrSND1-A2 expression vector. Duet-A2IR: PtrSND1-A2IR
expression vector. The arrows show the shifted DNA-protein complex. (B) Western blotting
using Flag tag antibody. PtrSND1-A2IR protein amount increases when the expression
vector amount increases. The DNA binding ability of PtrSND1-A2 decreases (the shifted
band becomes weaker) when the amount of PtrSND1-A2IR increases.
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Conclusions
In this study, we discovered that the splicing variants PtrSND1-A2IR and PtrVND6-C1IR of
PtrSND1-A2 and PtrVND6-C1, respectively, can be translocated into the nucleus by
PtrSND1, PtrSND1-like, PtrVND6, PtrSND2/3, and PtrSND2/3-like members. In a previous
study, PtrSND1-A2IR and PtrVND6-C1IR were proved as inhibitors of the PtrSND1 and
PtrVND6 families. The translocation of PtrSND1-A2IR and PtrVND6-C1IR by PtrSND1 and
PtrVND6 members can explain that the inhibition acts through a similar mechanism as
PtrSND1-A2IR inhibiting PtrSND1 family (Li et al., 2012). Because PtrSND1-A2IR and
PtrVND6-C1IR can be translocated into the nucleus by PtrVND6 and PtrSND1 members,
respectively, protein-protein interactions may exist between PtrSND1 and PtrVND6 families.
We used yeast two-hybrid tests to demonstrate the protein-protein interaction between
PtrSND1-A2IR and PtrVND6-C1. PtrSND1-A2IR and PtrVND6-C1IR inhibit PtrSND1 and
PtrVND6 families by forming non-functional heterodimers. The PtrSND1-A2IR protein has
only a protein dimerization domain but no complete DNA binding domain and no
transactivation domain. The non-functional heterodimer may lack DNA binding ability or
transactivation ability or both. We co-expressed PtrSND1-A2IR and PtrSND1-A2 to obtain
the heterodimers, and used EMSA to demonstrate that the heterodimer of PtrSND1-A2 and
PtrSND1-A2IR has decreased DNA binding ability.
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Introduction
Wood is one of the world’s most abundant and renewable raw materials for construction,
pulping, and energy. Recently, wood has been used for a source for biofuel production
(Carroll and Somerville, 2009). Wood is the secondary xylem of vascular plants, and the
major chemical components of wood are cellulose, hemicelluloses, and lignin. The
development of secondary xylem involves the sequential processes of cell division,
expansion, secondary cell wall formation, and programmed cell death. However, the
knowledge of regulatory mechanism involved in the secondary xylem development is
limited.
NAC transcription factors (NAC SECONDARY WALL THICKENING PROMOTING
FACTOR1 (NST1), NST2, SECONDARY WALLASSOCIATED NAC DOMAIN
PROTEIN1 (SND1; also called NST3), VASCULAR-RELATED NAC-DOMAIN6 (VND6),
and VND7) were reported as master regulators of transcriptional regulation of secondary wall
biosynthesis (Kubo et al., 2005; Mitsuda et al., 2005, 2007; Zhong et al., 2006, 2007a; Ko et
al., 2007). SND1 can activate secondary wall biosynthesis in fibers in Arabidopsis (Zhong et
al., 2006, 2007; Mitsuda et al., 2007), and VND6 and VND7 can regulate the differentiation
of metaxylem and protoxylem, respectively (Kubo et al., 2005). In woody plants, using
dominant repression of PtrWND2B/6B causes a drastic reduction in secondary wall
thickening in poplar (Zhong et al., 2011). MYB transcription factors are regulated by NAC
transcription factors, and also regulate secondary wall biosynthesis. MYB46 and MYB83 are
direct targets of SND1, and the dominant repression of MYB46 or MYB83 causes a dramatic
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reduction in secondary wall thickening (Zhong et al., 2007b; McCarthy et al., 2009).
Overexpression of MYB46 or MYB83 results in ectopic secondary wall deposition and
upregulation of secondary wall biosynthetic genes (Zhong et al., 2007b; McCarthy et al.,
2009).
Because NAC and MYB transcription factors play important roles in secondary cell wall
biosynthesis, understanding the regulatory network of NAC and MYB genes can provide a
platform to improve the wood quality and productivity. Using Populus trichocarpa
protoplasts from stem-differentiating xylem (SDX) as a model, the quantitative functional
network directed by Secondary Wall-Associated NAC Domain 1s (Ptr-SND1-B1) was built
(Lin et al., 2013). Among the direct targets of PtrSND1-B1, PtrMYB021 and PtrMYB002 are
homologous genes of MYB46 and MYB83. PtrMYB021 and PtrMYB002 can be directly
regulated by all PtrSND1 members (PtrSND1-A1, PtrSND1-A2, PtrSND1-B1, and PtrSND1B2) (Li et al., 2012). PtrMYB50, one of the direct targets of PtrSND1-B1, was also a
predicted regulatory transcription factor of secondary cell wall biosynthesis (Lu et al., 2013).
In this study, we selected PtrMYB021, PtrMYB002, and PtrMYB50 as candidate
transcription factors to study their regulatory network. We show that many secondary cell
wall biosynthesis genes can be upregulated by PtrMYB021, PtrMYB002, and PtrMYB50
using qRT-PCR, which demonstrate these 3 MYBs are important in the regulation of
secondary cell wall formation.
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Materials and Methods
Plasmid DNA construction
The coding region of PtrMYB021, PtrMYB002, and PtrMYB50 were amplified with gene
specific primer pairs (For PtrMYB021: MYB021_PENTR_F and MYB021_PENTR_R; For
PtrMYB002:

MYB021_PENTR_F

and

MYB002_PENTR_R;

For

PtrMYB50:

MYB50_PENTR_F and MYB50_PENTR_R) (Table 1) and cloned into the pENTR/DTOPO vector. Each of the PtrMYBs in the pENTR/D-TOPO vector was used for LR
recombination to replace the RfA in pUC19-35S-RfA-35SsGFP (Li et al., 2012), resulting in
the expression vectors pUC19-35S-PtrMYB021-35S-sGFP, pUC19-35S-PtrMYB002-A235S-sGFP, and pUC19-35S-PtrMYB50-35S-sGFP.

SDX Protoplast Isolation and Transfection.
The SDX protoplasts isolation and transfection were followed as described by Lin et al.,
(2013).

The

expression

vectors

pUC19-35S-PtrMYB021-35S-sGFP,

pUC19-35S-

PtrMYB002-A2-35S-sGFP, and pUC19-35S-PtrMYB50-35S-sGFP were used to transfect
the SDX protoplasts. pUC19-35S-sGFP vector (Li et al., 2012) was transfected into SDX
protoplasts as a control.
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Real time RT-PCR (qRT-PCR)
Real time RT-PCR was performed as described previously (Li et al., 2012; Lin et al., 2013)
to detect the
transcript abundance of lignin biosynthesis and cellulose biosynthesis genes in the
PtrMYB021sGFP, PtrMYB002-sGFP, PtrMYB50-sGFP, and sGFP (control) transfected SDX
protoplasts, using primers listed in Table 2, with two biological replicates for each
transfection and three technical repeats for each biological replicate.
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Results and Discussion
Plasmid DNA construction for SDX protoplast transfection
NAC domain proteins including PtrSND1-B1 have been proved to regulate the secondary
cell wall development (Zhong et al. 2006; Zhong et al. 2007; Zhong et al. 2010), and
PtrMYB021, PtrMYB002, and PtrMYB50 are direct targets of PtrSND1-B1 (Lin et al. 2013).
We cloned each coding region of PtrMYB021, PtrMYB002, and PtrMYB50 into a pUC19
vector (Fig. 1) driven by a 35S promoter. In each pUC19 construct, one GFP is driven by a
separate 35S promoter, which is used to calculate the protoplast transfection efficiency. The
GFP genes are in a same vector with each PtrMYB genes (PtrMYB021, PtrMYB002, and
PtrMYB50), and they are both driven by the same but separate 35s promoters. We can ensure
the PtrMYB genes are expressed by the observation of green fluorescence.
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Figure 1. Plasmid DNA construction for transient expression in SDX protoplasts. Different
gene coding regions (A) PtrMYB021, (B) PtrMYB002, (C) PtrMYB50, and GFP driven by
separate 35S promoters in a pUC19 transient expression vector.
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PtrMYB021, PtrMYB002, and PtrMYB50 are transcriptional activators of genes
involved in lignin and cellulose synthesis pathway.
We began to build a hierarchical genetic regulatory network (hGRN) in wood formation, and
started from PtrSND1-B1, which was proved as a positive regulator. PtrMYB021,
PtrMYB002, and PtrMYB50 are the direct targets of PtrSND1-B1 (second layer of hGRN,
Lin et al., 2013), so we examined whether they are involved in lignin or cellulose synthesis
pathway. If these PtrMYB genes (second layer) participate either in lignin or cellulose
synthesis pathway regulation, we can use them as the base (secondary layer) to build the third
layer of the hGRN using the approach developed in Lin et al., 2013. We transfected each
expression vectors (Fig. 1)(pUC19-35S-PtrMYB021-35S-GFP, pUC19-35S-PtrMYB00235S-GFP, and pUC19-35S-PtrMYB50-35S-GFP) into SDX protoplasts, and used a portion
of the same batch of protoplasts to transfect pUC19-35S-GFP vector as a control. According
to our previous study, using SDX protoplasts incubated for 7 hours is suitable for network
building (Lin et al., 2013), so the PtrMYBs transfected protoplasts were incubated for 7
hours for qRT-PCR analysis. Gene-specific primer pairs for qRT-PCR (Shi et al., 2010) were
used to detect the transcript abundance of lignin biosynthesis genes (PtrLAC15, PtrLAC19,
PtrLAC40, Ptr4CL5, PtrCoAOMT1, PtrC3H3, PtrC4H1, PtrC5H1, PtrCAD1, and PtrHCT1)
and one cellulose synthesis gene (PtrCes18). In PtrMYB021 overexpressed SDX protoplasts,
PtrLAC15, PtrLAC19, PtrLAC40, Ptr4CL5, PtrCoAOMT1, and PtrCes18 transcript
abundance were increased (Fig. 2), which demonstrates that PtrMYB021 is a transcriptional
activator of lignin and cellulose biosynthesis pathway. In PtrMYB002 overexpressed SDX
protoplasts, PtrLAC19, Ptr4CL5, and PtrCes18 gene expression level were increased (Fig. 3),
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which indicates that PtrMYB002 is also a transcriptional activator. The increased transcript
levels of PtrLAC19, Ptr4CL5, and PtrCes18 in PtrMYB002 transfected protoplasts are lower
than those in PtrMYB021 transfected protoplasts, and PtrMYB002 cannot activate
PtrLAC15, PtrLAC40, and PtrCoAOMT1, which suggests that PtrMYB002 is a weaker
transcriptional activator than PtrMYB021. PtrMYB50 can up-regulate PtrLAC19, PtrLAC40,
and PtrCes18 (Fig. 4), and the up-regulation level is lower than those in PtrMYB021
transfected protoplasts, which suggests that PtrMYB50 is also a weaker transcriptional
activator. PtrMYB002 and PtrMYB50 can activate different genes, so they may contribute to
different flux of secondary cell wall synthesis.
We demonstrated that PtrMYB021, PtrMYB002, and PtrMYB50 are transcriptional
activators in wood formation pathway, so we can perform RNA deep sequencing using the
RNA from PtrMYB021, PtrMYB002, and PtrMYB50 overexpressed SDX protoplasts to
build the third layer of the hGRN.
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Figure 2. PtrMYB021 activates the genes involved in lignin and cellulose biosynthesis
pathway. qRT-PCR was applied to quantify the transcript abundance of (A) PtrLAC15, (B)
PtrLAC19, (C) PtrLAC40, (D) PtrCes18, (E) Ptr4CL5, and (F) PtrCoAOMT1 in P.
trichocarpa SDX protoplasts overexpressing PtrMYB021 or sGFP (control). Two biological
replicates (SDX protoplasts from wild-type [WT] trees 1 and 2) were performed. Error bars
represent SE of two qRT-PCR technical replicates.
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Figure 3. PtrMYB002 is a transcriptional activator of PtrLAC19, PtrCes18, and Ptr4CL5.
qRT-PCR was applied to quantify the transcript abundance of (A) PtrLAC15, (B) PtrLAC19,
(C) PtrLAC40, (D) PtrCes18, (E) Ptr4CL5, and (F) PtrCoAOMT1 in P. trichocarpa SDX
protoplasts overexpressing PtrMYB002 or sGFP (control). PtrMYB002 can up-regulate
PtrLAC19, PtrCes18, and Ptr4CL5 significantly, but has no significant effect on PtrLAC15,
PtrLAC40, and PtrCoAOMT1. Two biological replicates (SDX protoplasts from wild-type
[WT] trees 1 and 2) were performed. Error bars represent SE of two qRT-PCR technical
replicates.
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Figure 4. PtrMYB050 is a transcriptional activator of PtrLAC19, PtrLAC40, and PtrCes18.
qRT-PCR was applied to quantify the transcript abundance of (A) PtrLAC15, (B) PtrLAC19,
(C) PtrLAC40, (D) PtrCes18, (E) Ptr4CL5, (F) PtrCoAOMT1, (G) PtrC3H3, (H) PtrC4H1,
(I) PtrC5H1, (J) PtrCAD1, and (K) PtrHCT1 in P. trichocarpa SDX protoplasts
overexpressing PtrMYB002 or sGFP (control). PtrMYB50 can up-regulate PtrLAC19,
PtrLAC40, PtrCes18 significantly, but has no significant effect on PtrLAC15, PtrLAC40,
PtrCoAOMT1, PtrC3H3, PtrC4H1, PtrC5H1, PtrCAD1, and PtrHCT1. Two biological
replicates (SDX protoplasts from wild-type [WT] trees 1 and 2) were performed. Error bars
represent SE of two qRT-PCR technical replicates.
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PtrMYB021, PtrMYB002, and PtrMYB50 specific antibody synthesis
To build the hGRN for PtrMYB021, PtrMYB002, and PtrMYB50, we also need to use
chromatin immunoprecipitation (ChIP) with PCR or deep sequencing to examine the direct
target genes of PtrMYB021, PtrMYB002, and PtrMYB50. Gene specific antibodies are
necessary to perform ChIP, so we synthesized the PtrMYB021, PtrMYB002, and PtrMYB50
specific antibodies using synthesized peptides to immunize rabbits for polyclonal antibody
production.
To design the sequence of synthesized peptides, we aligned the homologous genes of
PtrMYB021, PtrMYB002, and PtrMYB50, avoided the DNA binding domain, and selected
the most unique sequence of PtrMYB021, PtrMYB002, and PtrMYB50 (Fig. 5). PtrMYB021
and PtrMYB002 are homologous genes, and we selected the 280th-294th amino acids of
PtrMYB021 for antibody synthesis. Among the 280th-294th amino acids of PtrMYB021, 14
out of 15 amino acids are different from PtrMYB002 (Fig. 5A, B). We used the 261th-275th
amino acids for PtrMYB002 antibody synthesis, and 5 out of 15 amino acids are different
from PtrMYB021(Fig. 5C, D). We were not able to find a more unique peptide sequence for
PtrMYB002, because most of the protein sequence of PtrMYB002 is similar to PtrMYB021.
PtrMYB50 and PtrMYB148 are homologous genes, and we selected the 352th-365th amino
acids for PtrMYB50 antibody synthesis. Because of the high similarity of protein sequence
between PtrMYB50 and PtrMYB148, only 4 out of 14 amino acids in the selected sequence
of PtrMYB50 are different from PtrMYB148 (Fig. 5E, F).
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Figure 5. Antibody recognition sites of PtrMYB021, PtrMYB002, and PtrMYB50. Protein
structure of (A) PtrMYB021, (C) PtrMYB002, and (E) PtrMYB50. The black boxes
represent the R2R3 conserved domain of MYB proteins, and the red boxes demonstrate the
antibody recognition sites. Partial protein sequence of (B) PtrMYB021 from the 280th to
294th amino acids, (D) PtrMYB002 from the 261th to 275th amino acids, and (F) PtrMYB50
from the 352th to 365th amino acid with their homologous genes. Red arrows represent the
different sequence comparing to their homologous genes.
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Conclusions
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In this study, we discovered the downstream genes of PtrMYB021, PtrMYB002, and
PtrMYB50, and also analyzed the unique protein domain for their antibody production.
PtrMYB021 can up-regulate PtrLAC15, PtrLAC19, PtrLAC40, Ptr4CL5, PtrCoAOMT1, and
PtrCes18 (Fig. 2); PtrMYB002 can up-regulate PtrLAC19, Ptr4CL5, and PtrCes18 (Fig. 3);
PtrMYB50 can up-regulate PtrLAC19, PtrLAC40, and PtrCes18 (Fig. 4). The results
demonstrate that PtrMYB021, PtrMYB002, and PtrMYB50 are transcription activators
involved in secondary cell wall formation, because they can up-regulate the secondary cell
wall biosynthetic genes. Using the gene specific antibodies, we will be able to build the
regulatory network of these MYBs by the combination of ChIPseq and RNAseq
(overexpressing each MYB in xylem protoplasts) results.
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Table 1 - Primers used for pUC19 vector construction
Primer name
Sequence
MYB021_PENTR_F
CACCATGAGGAAGCCAGAGGC
MYB021_PENTR_R
TCATTGGAAATCAAGGAATG
MYB002_PENTR_R
TCAACTTTGGAAATCAAGAGAA
MYB50_PENTR_F
CACCATGGGACGACATTCTTGTTG
MYB50_PENTR_R
TCATATCTGGTGGAAGACATC
PtrMYB021_seq_F
GGCTCAAGTTGGAGTCCTTAAC
PtrMYB021_seq_R
TTGGTGATGCGTTGGATG
PtrMYB002_seq_F
TCCGTCACTGTCATCTTCATC
PtrMYB002_seq_R
GCCGCTATTTGAGACCACC
PtrMYB50_seq_R
TGAGCCCACCTGTTACCC
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Table 2 - Primers used for qRT-PCR
Primer name
Sequence
PtrLAC40_rF
AAGGCGGTTTCACTTTGCCAGTCC
PtrLAC40_rR
TAGGTGGCATCAACTTCCACGACA
PtrLAC15_rF
TCTTGCTGTCTGCCTCCTCCCC
PtrLAC15_rR
GCCATTGACGGTAACAATCGGC
PtrLAC19_rF
CTTGGTAGAGAATGGAGTTGGAC
PtrLAC19_rR
TTGTCGGGCTTATGAATTCCAAC
Ptr4CL5_rF
GTGATCATGCTCATCCTGCCAAGT
Ptr4CL5_rR
TTGGCAGCAGTAGTAATGGCACCT
PtrCoAOMT1_rF
CAGTAATTCAGAAAGCTGGTGTTGC
PtrCoAOMT1_rR
GCATCCACAAAGATGAAATCAAAAC
PtrC3H3_rF
GTATGACCTTAGTGAAGACACAATCAT
PtrC3H3_rR
CCCTTGGGTTCTTGATTAGCTC
PtrC4H1_rF
AGTGCGCCATAGACCATATCCTC
PtrC4H1_rR
ATTGCAGCGACGTTGATGTTCTCA
PtrC5H1_rF
AATCCAATATAGGCAAGCCTGTGAACG
PtrC5H1_rR
TGTCTTAACCATTGAGTCCACCTCG
PtrCAD1_rF
GGCAAGCTGATCTTGATGGGTGTT
PtrCAD1_rR
TCCCGGTGATTGACTTTCTCCCAA
PtrHCT1_rF
ATCAGCATGTAAGGCACGCGG
PtrHCT1_rR
TGCCAAAGTAACCAGGTGGAAGCGT
PtrCes18_rF
GTTGGCCTCTGTCTTCTCTCTTGTT
PtrCes18_rR
CAATCAATGGAAATGCAGGTCTCCG
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