
 

    

ABSTRACT 

HAO, CHEN.  Alternative Splicing of Vascular Related Transcription Factors 6 is a Negative 
Regulator for Wood Associated NACs in Populus trichocarpa. (Under the direction of Prof. 
Vincent Chiang and Ronald Sederoff). 
 

Secondary cell walls are the major constituent of tracheary elements and fibers in wood. 

Alternative splicing provides a novel mechanism for the regulation of secondary cell wall. 

Secondary cell wall associated NAC SND1-A2 that generates the truncated splicing variant 

serve as the dominant repressors in regulating transcriptional programing of wood formation. 

Here, we reported three naturally occurring splicing variants of another secondary cell wall 

associated NAC family PtrVND6s from stem-differentiating xylem tissue (PtrVND6-A1IR, 

PtrVND6-A2IR, and PtrVND6-C1IR). 3’-race and RNA-seq showed that the PtrVND6-A1IR, 

PtrVND6-A2IR, and PtrVND6-C1IR have the similar splicing pattern. The mature mRNA of 

PtrVND6-C1IR is preferentially spliced out in xylem and translates a novel small protein. 

Overexpression of PtrVND6-C1IR protein attenuated the expression of PtrMYB21 that serve 

as a master regulator in secondary cell wall. PtrVND6-C1IR also inhibits the expression of 

PtrSND1 members and PtrVND6 members. PtrVND6-C1IR lacks DNA binding and 

transcactivation ability but retains dimerization capability. PtrVND6-C1IR is localized 

exclusively in cytoplasmic foci, while PtrSND1s and PtrVND6s were found in nucleus. 

PtrVND6-C1IR is translocated by PtrSND1s and PtrVND6s as non-functional heterodimers, 

consistent with the inhibition of PtrVND6-C1IR on PtrMYB021 that is activated by PtrSND1s 

and PtrVND6s. PtrVND6-C1IR also can form non-functional heterodimers with other 

developing xylem-expressed NACs. Our findings suggested that the inhibitory function of 

PtrVND6-C1IR is not confined to the downstream genes PtrSND1s and PtrVND6s, and acts 



 

    

on the downstream genes of the other members of developing xylem-expressed NAC protein 

family. 
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CHAPTER 1 

Introduction 

1.1. Secondary Cell Wall and Wood 

Secondary cell walls are the major constituent of tracheary elements and fibers in wood. 

Secondary cell walls not only provide trees with strength to support their body weight, but 

also enable trees to make strong xylem for transport nutrients. Secondary cell walls are also a 

major resource of textiles, timber, and biofuels. The importance of secondary cell walls to 

plant and human life make people focus on its structure and formation. 

 

Plants form two types of cell walls that are distinct in function and structure. Primary cell 

walls can provide some mechanical strength and allow the cell to grow and divide via 

expanding the structure. Secondary cell walls that are much thicker and stronger are 

deposited between the plasma membrane and the primary cell wall when the cells stop 

growing (Raven, 1999). For woods, secondary cell walls are most abundant in tracheary 

elements and fibers. Several anatomical patterns of secondary cell walls were deposited for 

tracheary elements and fibers. In fiber cells, secondary cell walls are distributed evenly on 

the inside of the primary cell wall. In tracheary elements, the secondary cell walls form 

specific and uneven patterns .The secondary cell walls in the protoxylem are typically 

organized in a helical or annular pattern that can allow the elongating organs to continue to 

grow.  The secondary cell walls in the metaxylem and secondary xylem of non-elongating 
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organs are usually deposited in a reticulated or pitted pattern.  These two distinct secondary 

cell wall deposition patterns have been shown to be involved with the cytoskeletal cortical 

microtubules. Many cortical microtubules aggregate in the areas where the secondary cell 

wall thickens. Disruption of cortical microtubules altered the secondary cell wall distribution 

(Baskin, 2001; Oda and Hasezawa, 2006). Recently, the microtubules are found to be 

mediated by Rho GTPases to initiate and control cell wall deposition patterns to form various 

cell type (Oda et al., 2012).  

 

 The deposited secondary cell wall has been recognized as three layers, commonly named S1, 

S2, and S3 (Figure 1a). The formation of three distinctive layers has been regarded to involve 

in the vesicle transport and microtubules-mediated regulation of secondary cell walls (Zhong 

et al., 2002, Paradez et al., 2006, Zhou et al., 2007).  The three layers of secondary cell walls 

are mainly composed of cellulose, hemicelluloses, and lignin, but the proportion of 

individual components in secondary cell walls varies from species and cell types. For 

example, cotton fibers are composed of up to 95% cellulose and little other components. In 

secondary cell walls of the woody angiosperms, cellulose usually account for 50% mass, 

while lignin and hemicellulose account for 25% and 20%, respectively. Cellulose, lignin, and 

hemicellulose have been shown to be essential for maintaining the normal strength of 

secondary walls because the reduction in any one of three components leads to a defect in 

secondary cell walls (Turner and Somerville, 1997; Jones et al., 2001). Owing to importance 

of cellulose, hemicellulose, and lignin in wood properties and biomass production, research 
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into the biosynthesis of these components have been pursued for over half a century (Figure 

1b). 

 

Cellulose is synthesized by the cellulose synthase complexes located in plasma membrane 

(Delmer, 1999). Visualizing by transmission electron microscopy, the cellulose synthase 

complexes are composed of six particles as a rosette structure. Each particle in the rosette is 

formed by six cellulose synthase catalytic subunits. Each subunit produces one chain of β-

1,4-glucan, and the whole rosette together generates 36 β-1,4-glucan chains to bundle as a 

microfibril  (Somerville, 2006). Molecular and genetic studies indicated that three cellulose 

synthase genes with non-redundant function are required for cellulose synthesis in 

Arabidopsis and rice (Tanaka et al., 2003; Taylor et al., 2004). Orthologs of these three 

cellulose synthase genes are also present in tree species (Joshi and Mansfield, 2007). In 

Populus trichocarpa, 18 cellulose gene loci have been identified and the expressed proteins 

formed two cellulose synthase rosette complexes (Song et al., 2010).  

 

Lignin is polymerized from three monolignols as ρ-coumaryl alcohol, coniferyl alcohol and 

syringyl alcohol.  These monolignols are produced from the phenylpropanoid pathway, and 

then react through trifurcate synthesis pathways. Deposition of lignin occurs mainly in 

terminally differentiating cell walls of xylem tissues, providing them with the ability to 

withstand the force of gravity, mechanical stress, and the negative pressure generated by 
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transpiration. Although lignin is required for stress defense and cell wall strength, it can 

hinder the human utilization of biomass from plants, such as paper-making, cellulose 

extraction, and biofuel production (Vanholme et al., 2008). Therefore, engineering secondary 

cell walls with less lignin or a more degradable lignin have been put considerable efforts. 

Now all genes encoding the enzymes involved in these pathways have been characterized in 

many species (Bonawitz & Chapple., 2010).  These enzymes perform a series of 

hydroxylation and O-methylation reactions to modify the aromatic ring of cinnamic acid, and 

activated the side chains from acids to coenzyme-A esters, and subsequently reduced to 

aldehydes and alcohols, resulting in the production of the monolignols (Bonawitz & Chapple., 

2010). 

 

Hemicelluloses are composed of xylan, glucuronoxylan, arabinoxylan, glucomannan, and 

xyloglucan. In xylem of woody angiosperms, hemicelluloses are mainly composed of 

glucomannan and xylan, in approximate proportions of 15% and 85%, respectively (Timbell  

1967).  Hemicelluloses are synthesized from sugar nucleotides in the cell’s Golgi apparatus 

(Dhugga et al., 2004; Suzuki et al., 2006; Liepman et al., 2007). Detailed knowledge of the 

biosynthesis of hemicellulose is limited. After synthesis, hemicelluloses are transported to 

the plasma membrane via golgi vesicles.  
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The transcriptional programs controlling the biosynthesis of cellulose, lignin, and 

hemiceulluloses for formation of secondary cell walls are still unclear.  By the analyses of 

transcriptome profiling, hundreds of genes were observed to change in expression during the 

formation of secondary cell walls (Zhao et al., 2005; Brown et al., 2005; Dharmawardhana et 

al., 2010).  Dissecting the precise regulation for the secondary cell wall relating genes would 

be helpful for us to generate the new types of secondary cell walls with optimal composition 

and structure that has no negative effect on plant growth and development but are convenient 

for human utilization. Therefore, the transcription factors that are responsible for the 

regulation of secondary cell wall biosynthesis had led to considerable efforts by many 

scientists.   
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Figure 1. Model for secondary cell formation. (a) Schematic diagram of a secondary cell 
wall structure. The secondary wall are composed of three layers (S1，S2，  S3).  (b) 
Overview of the processes of secondary cell wall formation. The pictures are from Complex 
Carbonhydrate Research Center (http://www.ccrc.uga.edu/~mao/intro/ouline.htm#What is a 
cell wall). 

 

a. 

 b. 
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1.2. Transcriptional Regulation of Secondary Cell Wall 

Biosynthesis 

1.2.1 Transcription factors involved in secondary cell wall 

biosynthesis 

Significant progress has been made to dissect the transcriptional regulation of secondary cell 

wall biosynthesis. Most of the transcription factors involved in secondary cell biosynthesis 

belong to two families: NAC (NAM/ATAF/CUC) and R2R3-MYB (Demura and Fukuda, 

2007; Zhong and Ye, 2007; Wang and Dixon, 2012). A group of NAC domain transcription 

factors initiates secondary cell wall biosynthesis in fibers and vessels by activating numerous 

transcriptional regulators and biosynthetic genes. In Arabidopsis fiber cells, NST1 (NAC 

SECONDARY WALL THICKENING PROMOTING FACTOR1) and NST3/SND1 

(SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN 1) control the secondary cell 

wall biosynthetic program (Zhong et al., 2006; Mitsuda et al., 2007). Double knockout of 

NST1 and NST3/SND1 or dominant repression of SND1 results in the striking phenotype of 

no secondary cell wall development in interfascicular and vascular fibers. In the anther 

endothecium of Arabidopsis thaliana, secondary wall thickening is controlled non-

redundantly by NST1 and NST2 (Mitsuda et al., 2005), and overexpression of these NAC 

transcription factors lead to ectopic deposition of the lignin in leaves. Furthermore, the 

orthologous genes of AtNST1/2/3 in other spieces control some biological processes that are 

not regulated by AtNST1/2/3. For example, the NST1 orthology in the model legume 

Medicago truncatula, MtNST1 can orchestrate multiple features of cell wall development in 
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different tissues (Zhao et al., 2010a).  In Arabidopsis vascular vessels, the NAC domain TFs 

VASCULAR-RELATED NAC-DOMAIN6 (VND6) and VND7 not only control secondary wall 

development, but also direct programmed cell death (PCD) of the vessels in both root and 

shoot tissues (Kubo et al., 2005; Yamaguchi et al., 2008). . Furthermore, VND7 can regulate 

the secondary cell wall deposition on protoxylem, although the regulation mechanism 

remains unclear. The above NAC transcription factors are phylogenetically clustered in the 

same subgroup (Shen et al., 2009), and the function of these NAC transcription factors are 

overlapped and conserved as a result of which the overexpression of VND6 and VND7 can 

complement the nst1nst3 double mutant phenotype as the loss of secondary cell wall in 

Arabidopsis.  

 

MYB transcription factors have been identified as another group of important regulators for 

secondary cell wall biosynthesis by genetic and molecular analyses (Zhong et al., 2007; Ko et 

al., 2009; McCathy et al., 2009). MYB46 and MYB83 are direct targets of secondary cell wall 

related NACs and function redundantly in the regulation of secondary wall biosynthesis. 

Simultaneous mutations of MYB46 and MYB83 cause a loss of secondary walls in vessels and 

a subsequent growth arrest at the seedling stage (McCarthy et al. 2009). Overexpression of 

MYB46 and MYB83 can induce the expression of secondary wall biosynthetic genes for 

cellulose, xylan and lignin, and concomitantly leads to ectopic deposition of secondary walls 

(Zhong et al. 2007a. McCarthy et al. 2009).  In addition to MYB46 and MYB83, MYB58, 

MYB63, and MYB103 are also identified as the regulators of secondary cell wall formation 
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(Zhong et al., 2008; Zhong et al., 2010). Dominant repression of each  of MYB58, MYB63, 

and MYB103 led to a reduction in secondary wall thickening and lignin content.  Moreover, 

other several MYBs, including MYB20, MYB42, MYB43, MYB43, MYB54, MYB69, and 

MYB85, have been implicated in the regulation of secondary cell wall biosynthesis (Wang et 

al., 2012). Additionally, the mutants of LIM transcription factor and KNOX transcription 

factor also have irregular secondary cell walls in Arabidopsis stem (Kawaoka et al.,2000; Li 

et al., 2012a). Recently, with the development of omic tools, genome-wide identification of 

novel transcription factors regulating secondary cell wall formation have been done in some 

species including Arabidopsis thaliana, P. trichocarpa, and Oryza. sativa (Cassuan-Wang et 

al., 2013). A battery of novel secondary cell wall related transcription factors are identified, 

and the mutants of six identified transcription factors have been shown irregular lignification 

pattern.  Two of the mutants (Bel-like homeoBox6 and zinc finger TF) presented 

hypolignified secondary cell wall, whereas three others (MYB52, one MYB-like 

transcription factor, and hb5) showed hyperlignified secondary cell wall and hb15 showed 

ectopic lignification.   

 

Secondary cell walls make up the bulk of wood biomass. Research on secondary cell wall 

related transcription factors not only have been conducted on the model species Arabidopsis 

for dissecting the molecular mechanisms underlying secondary cell wall biosynthesis, but 

also are performed in wood species for the desired biomass production.  Discovery of such 

transcriptional factors could provide novel molecular tools to genetically improve wood 
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quantity and quality.  Most of these studies for secondary cell wall related transcription 

factors were conducted on the model woody species Populus trichocarpa (Tuskan et al., 

2006) A subfamily of wood-associated NAC domain transcription factors have been shown 

to regulate the expression of secondary cell wall biosynthetic genes in P. trichocarpa (Zhong 

et al., 2010a; Zhong et al., 2010b; Ohtani et al., 2011; Li et al., 2012b). Despite the names of 

these wood-associated NAC domain transcription factors vary (Zhong et al., 2010 PtrWNDs; 

Ohtani et al., 2011 PtrVNSs;  Li et al., 2012b PtrSND-1s/SND-2/3s/VNDs; Table 1), all of 

these identified genes are homologs of  the group of closely related Arabidopsis NAC 

domain transcription factors, including SNDs, NSTs, and VNDs  (Table 1). These wood-

associated NAC domain transcription factors can effectively rescue the secondary cell wall 

defect of the snd1nst1 double mutant and overexpressing them (Zhong et al., 2010 

PtrWND2B PtrWND6B; Ohtani et al., 2011 PtrVNS1-12) in poplar lead to the ectopic 

secondary cell wall thickening in leaves. The results indicate that these Populus transcription 

factor function similarly as SND1 and NST1 and control the program of secondary cell wall 

formation. But unlike the distinct expression pattern in Arabidopsis that SNDs specially 

expressed in fiber cells and VNDs specially expressed in vessel cells, all these wood-

associated NAC domain transcription factors are highly expressed in all cell types of 

developing secondary xylem, including vessels, fibers and ray parenchyma cells. 

 

R2R3 MYB transcription factors also serve as the secondary cell wall regulators in tree 

species and other economic plants, especially for regulating lignin synthesis. Overexpression 
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of the AtMYB4 orthologs AmMYB308 and AmMYB330 from Antirrhinum majus can result in 

17% lignin content reduction in tobacco by downregulating 4CL, C4H, and CAD 

(Tamagnone et al., 1998). Similarly, overexpression of EgMYB1 from Eucalyptus gunnil and 

Zea mays ZmMYB31 and ZmMYB42 also result in lignin content reduction (Fomale et al., 

2006; Sonbol et al., 2009; Legay et al., 2010).  The AtMYB46/MYB83 orthologs from other 

species, including PtrMYB3 and PtrMYB21 from poplar, EgMYB2 from Eucalyptus, and 

PtMYB4 from pine, perform the same function as AtMYB46/MYB83 in the regulation of 

secondary wall biosynthesis (Patzlaff et al. 2003, Goicoechea et al. 2005, McCarthy et al. 

2010). Taken together, these findings from Arabidopsis and woody plants suggest that that 

vascular plants evolved to have both secondary cell wall related NACs and MYB46-like 

transcription factors as conserved switches controlling secondary wall biosynthesis, but the 

number of secondary cell wall related NACs and MYB46-like transcription factors are 

relatively more in woody species than in herbaceous species.  It suggests that the 

transcriptional regulation of secondary cell wall formation is more complex in woody species 

than in herbaceous species. Additionally, members in HD ZIP family, WRKY family, and 

bHLH family were recently found to affect secondary cell wall in woody species and grass 

species (Wang et al., 2010; Du et al., 2011; Zhu et al., 2013; Yan et al.,2012). As 

summarized above, genetic and molecular analyses have identified many transcription factors 

involving in secondary cell formation, but the relationship of these regulators in planta need 

to be elucidated to further understand the transcriptional control of secondary cell formation. 

Therefore, how so many transcription factors form a coordinated regulation network for 

generating secondary cell walls is an urgent question faced by scientists. 
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Table 1 - Identities of these wood-associated NAC domain transcription factors in P. 

trichocarpa. The list of these wood-associated NAC domain transcription factors are named 

by several groups (Zhong et al., 2010; Ohtani et al., 2011; Li et al., 2012b). 

 

 

 

 

Gene locus(JGI) Gene Name in Zhong et al., 2010 Gene Name in Ohtani et al.,2011Gene name in Li et al., 2012
POPTR_0007s13910.1 PtrWND5A PtVNS01 PtrVND6-C1
POPTR_0005s11870.1 PtrWND5B PtVNS02 PtrVND6-C2
POPTR_0001s00220.1 PtrWND4A PtVNS03 PtrVND6-B2
POPTR_0003s11250.1 PtrWND4B PtVNS04 PtrVND6-B1
POPTR_0015s14770.1 PtrWND3A PtVNS05 PtrVND6-A1
POPTR_0012s14660.1 PtrWND3B PtVNS06 PtrVND6-A2
POPTR_0013s11740.1 PtrWND6A PtVNS07 PtrVND7-2
POPTR_0019s11330.1 PtrWND6B PtVNS08 PtrVND7-1
POPTR_0014s10060.1 PtrWND2A PtVNS09 PtrSND1-B1
POPTR_0002s17950.1 PtrWND2B PtVNS10 PtrSND1-B2
POPTR_0001s45250.1 PtrWND1B PtVNS11 PtrSND1-A2
POPTR_0011s15640.1 PtrWND1A PtVNS12 PtrSND1-A1
POPTR_0010s18420.1 PtVNS13
POPTR_0008s07950.1 PtVNS14 PtrSND1-L2
POPTR_0019s09400.1 PtVNS15
POPTR_0013s09280.1 PtVNS16
POPTR_0004s04900.1 PtrSND2/3-A1
POPTR_0011s05740.1 PtrSND2/3-A2
POPTR_0007s01350.1 PtrSND2/3-B1
POPTR_0017s04800.1 PtrSND2/3-B2
POPTR_0006s15740.1 PtrSND2/3-C1
POPTR_0018s06790.1 PtrSND2/3-C2
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1.2.2 Transcriptional networks regulate secondary cell wall 

biosynthesis directed by NAC and MYB transcription factors 

The studies of transcriptional regulatory network not only help us understand how plant 

precisely regulate biological processes through complex interactions, but also enable us to 

generate desirable transgenic plants more efficiently and easily. Recent advances in 

molecular and computational biology have made possible study of the intricate 

transcriptional regulatory networks. Arabidopsis, despite its herbaceous nature, has become a 

model to study the transcriptional network regulating secondary cell wall biosynthesis, 

because the transcriptional regulators for secondary cell wall are conserved in Arabidopsis 

and woody plants (Zhong et al., 2010a). The whole-genome transcriptional analyses using 

Arabidopsis transgenic lines and transformed Arabidopsis suspension cells, combining with 

electrophoretic mobility shift assay (EMSA) and transactivation analysis, have identified the 

target genes of VND6/7, SND1, and NST1/NST2 in Arabidopsis (Zhong et al., 2008; Ohashi-

Ito et al., 2010; Zhong et al., 2010 a; Yamaguchi et al., 2011; Wang et al.,2012).These 

detailed analyses provide important insights into the complex regulatory network of 

secondary cell wall formation (Figure 1). In the regulatory hierarchical network, SND1, 

NST1/NST2, and VND6/7 are first-level regulators. SND1, NST1/NST2, and VND6/7 are not 

only conserved in function, but also regulate some of same downstream targets as second 

layer (Zhong et al., 2008). The second layer of transcription factors controlled by SND1, 

NST1/NST2, and VND6/7 are mostly MYB transcription factors (MYB20, MYB42, MYB43, 

MYB46, MYB52, MYB54, MYB58, MYB69, MYB61, MYB63, MYB83, MYB85, and MYB103). 
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Of these MYB transcription factors, the downstream transcription factors of MYB46 and 

MYB83 have been clearly identified in Arabidopsis (Zhong et al. 2007a, McCarthy et al. 

2009; Zhong et al. 2012), some of which are specifically involved in the regulation of lignin 

biosynthesis (MYB58, MYB63 and MYB85) while others are important for regulating 

secondary wall thickening (MYB52 and MYB54). Otherwise, three secondary wall-associated 

cellulose synthases (CESA4, CESA7, and CESA8) and some lignin related enzymes 

(phenylalanine ammonia lyases (PALs), caffeoyl CoA 3-O-methyltransferases (CCoAMTs)) 

were also found to be directly regulated by MYB46 (Ko et al., 2009; Ko et al., 2012; Kim et 

al., 2013 ). MYB103 is the direct target of secondary cell wall related NACs and promoter–

GUS analysis demonstrated that MYB103 is expressed primarily in inter-fascicular fibers and 

xylem tissues (Ӧhman et al., 2013). Additionally, the MYB103 can also be directly regulated 

by MYB46/MYB83 in planta transactivation system (Nakano et al., 2010; Yamaguchi et al., 

2010, 2011). Despite RNAi-based down-regulation of MYB103 did not result in any visible 

phenotype, but over-expressing MYB103 in Arabidopsis resulted in thicker secondary cell 

walls, while dominant repression of MYB103 resulted in thinner walls. The regulation of 

secondary cell wall by MYB103 is clearly elucidated by the studies showing that MYB103 

activated the CESA8 promoter in a protoplast transactivation system and modulate the S 

lignin biosynthesis via regulation of F5H (Zhong et al., 2008, Ӧhman et al., 2013). Another 

pair of MYB TFs MYB58/ MYB63 are also the downstream genes of MYB46/MYB83, but are 

not direct target genes of secondary cell wall related NACs (Zhong et al., 2010). Dominant 

repression of MYB58/MYB63 led to a reduction in secondary wall thickening and lignin 

content. Direct target analysis using a steroid receptor–inducible system showed that MYB58 
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and MYB63 are master regulators for lignin biosynthesis because they can specifically 

activate all monolignol biosynthetic genes (PAL1, 4CL1, hydroxycinnamoyl CoA:shikimate/  

quinate hydroxycinnamoyltransferase (HCT), p-coumarate 3-  hydroxylase 1 (C3H1),C4H, 

CCoAOMT1, cinnamoyl CoA reductase (CCR1), and cinnamyl  alcohol dehydrogenase 6 

(CAD6) except F5H, concomitant with that overexpression of MYB58/ MYB63 generated 

ectopic deposition of lignin in cells that are normally unlignified. Additionally, MYB58 can 

directly activate the expression of the lignin polymerization related gene laccase 4 (LAC4). 

Overexpression of another secondary wall–associated MYB protein, MYB85, results in 

ectopic deposition of lignin (Zhong et al., 2008). MYB85 activate lignin biosynthetic genes, 

but no direct targets of MYB85 have been identified. Furthermore, MYB20, MYB26, and 

MYB69 were also up-regulated by indirectly regulation of SND1/VND6/VND7, and had been 

shown to activate the genes in secondary cell wall formation (Yang et al., 2006; Demura et 

al., 2010). In addition to these MYBs, the transcription factors SND2, SND3, KNAT7 and 

AtC3H14 Zinc finger protein also served as the regulators in THE seconD layer, and among 

them, the downstream genes of SND2 and KNAT7 were identified via transcriptome 

analyses of  transgenic lines and mutant lines, respectively (Ko et al., 2009; Hussey et 

al.,2011;  Li et al., 2012). 

 

Until now, a number of wood-associated transcription factors have been identified in tree 

species, especially for poplar (Patzlaff et al., 2003 ab; Karpinska et al., 2004; Goicoechea et 

al., 2005; Legay et al., 2007; Bomal et al.,2008; Du eta l.,2009; Grant et al.,2010; Nakano et 
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al.,2010; Zhong et al.,2010b; Robinschon et al.,2011; Zhong et al., 2011; Ohtani et al., 2012; 

Li et al., 2012b). Many of these studies managed to build part of the networks for secondary 

cell walls in poplar, such as the transcriptional program regulated by MYB transcription 

factors and NAC transcription factors (McCarthy et al., 2010 PtrMYBs; Zhong et al., 2010a; 

PtrWNDs; Ohtani et al., 2011 PtrVNSs). The results indicate that the SND1, NST1/2 and 

VND6/7 homologous NAC transcription factors in poplar also regulate many genes involved 

in secondary cell wall biosynthesis, and most of them are functional orthologs of their 

Arabidopsis counterparts. Additionally, close homologs of the SND1, NST1/2 and VND6/7 

are existed in diverse taxa of vascular plant (Zhong et al., 2010b). These NACs mediated 

transcriptional regulation of secondary cell wall biosynthesis may be a conserved mechanism 

throughout vascular plants.  The downstream genes of secondary wall NACs PtrMYB3 and 

PtrMYB20 were also analyzed by promoter-GUS and EMSA techniques to identify the target 

genes (McCarthy et al., 2010; Zhong et al., 2013). However, complete maps of secondary 

cell wall biosynthesis transcriptional network are still not constructed in woody plant. To 

generate the desired changes in chemical and physical properties of the resulting biomass for 

woody plants, the secondary cell wall biosynthesis transcriptional network is essential to be 

constructed, because the function of regulatory genes into the pathways that determine the 

quantity and quality of the biomass and the property of promoters that drive the spatial and 

temporal expression of the regulatory genes could be understand. In Arabidopsis, the 

transgenic lines with improved properties as biomass production increase have been 

generated based on the promoter property and gene function from transcriptional regulation 

network of secondary cell wall biosynthesis (Petersen et al., 2012). They developed a xylem-
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engineering approach to reintroduce xylan biosynthesis specifically into xylem vessels in the 

Arabidopsis Irx7, Irx8, and Irx9 mutant backgrounds by driving the expression of the 

respective glycosyltransferases with vessel-specific promoters of VND6 and VND7. The 

Arabidopsis plants with 23% xylose reduction and 18% reduction in lignin plant obtained 

when compared to wild type, and 42% increase in saccharification yield.  Given that P. 

trichocarpa is model species for woody plant, constructing the transcriptional regulation 

network of secondary cell wall biosynthesis in P.trichocarpa is an urgent question for the 

researchers in forest biotechnology and bioenergy. 
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Figure 2. Transcriptional regulatory network controlling secondary wall biosynthesis in 
Arabidopsis. The first-level master switches in the network are a group of closely related 
secondary wall NACs that regulate the expression of downstream transcription factors. 
Among them, MYBs, SND2/3s, and KNAT function as second-level master switches 
regulating the secondary wall biosynthetic program.  
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1.2.3 Turning secondary cell wall related NAC switches on and 

off by upstream regulators 

Compared to the extensive and detailed researches for the downstream genes of secondary 

cell wall related NACs, the relatively little studies have been performed for identifying the 

upstream regulators that are responsible for turning on or off these secondary cell wall related 

NAC switches. Among these studies, NAC switches are turned on or off by feedback 

regulation in xylem and phleom. Self-activation of AtSND1 has been showed to bind with its 

own promoter, and thereby activate its own expression (Wang et al., 2011). In P. trichocarpa,  

any of PtrSND1 gene family members (PtrSND1-A1,-A2, -B1, -B2) can directly bind to its 

own promoter and activate their own expression (Li et al.,2012b). Until now, no evidence 

have been provided for that VNDs can be self-activated, but VND6 and VND7 in Arabidopsis 

were under positive feedback regulation by the downstream genes. Lateral organ boundaries 

domain genes LBD18 and LBD30 in Arabidopsis were directly targets of VND7, and can be 

induced by VND6 and VND7 in immature tracheary elements (Soyano et al., 2008; 

Yamaguchi et al., 2011). But further studies showed that the overexpression of LBD18 in 

Arabidopsis can result in the ectopic expression of VND7 in leaf, suggesting that LBD18 also 

can activate the expression of VND7. Negative feedback regulation for secondary cell wall 

NACs are also performed with their downstream transcription factor MYB32. MYB32 can 

negatively regulate the expression of SND1 on the basis of trans-activation assays and in vivo 

assays (Wang et al., 2010). MYB32 acts as a downstream target of SND1 by the direct 

regulation of MYB46 (Zhong et al., 2010).  These positive and negative feedback regulation 
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of secondary cell wall NACs enable plant better to coordinate the biosynthesis of secondary 

cell wall in response to various signals.   

 

 A transcription factor complex KNAT7-MYB75-OFP has also identified for repressing the 

secondary cell wall formation in Arabidopsis. KNAT7 forms the heterodimer with MYB75 

for repressing secondary cell wall biosynthesis both in stem and seed coat in Arabidopsis 

(Bhargava et al., 2010; Bhargava et al., 2013). Otherwise, KNAT7 have been shown to 

interact with OFP1 and OFP4, and genetic analyses suggested that KNAT7-OFP complex 

also act as repressor in regulating secondary cell wall biosynthesis (Li et al., 2011). Further 

researches showed that KNAT7-MYB75-OFP was formed in stem and regulate the 

secondary cell wall biosynthesis (Unpublished data from Douglas group).   KNAT7 that is 

activated by SND1 and VND6/7, has been showed negatively to regulate the secondary cell 

wall biosynthesis. In this transcriptional repression complex, MYB75 is response to auxin, 

ethylene, and jasmonate acid (Peng et al., 2011; Lewis et al., 2011; Das et al., 2012).  It will 

be interesting to determine whether hormonal signals modulate secondary cell wall 

biosynthesis by controlling the expression of MYB75.   

 

The upstream transcription factors regulating NAC switches are also found in the other 

tissues, including the reproductive tissues and pith cells. The Arabidopsis MYB26 that is 

specially expressed in anthers has been shown to be important for the secondary cell wall 
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thickening in the anther endothecium (Yang et al., 2007). More importantly, the expression 

of NST1 and NST2 have been found to be affected by MYB26, and overexpression of MYB26 

results in ectopic secondary thickening in Arabidopsis and tobacco, suggesting that MYB26 

can regulate secondary cell wall formation in anther via activating NST1 and NST2.  

AtWRY12 and its orthologs in Medicago also can regulate the secondary cell wall formation 

by altering the expression of secondary cell wall NACs (Wang et al., 2010). Loss of function 

of AtWRY12 in Arabidopsis result in ectopic deposition of secondary cell wall in pith cells, 

and the expression of NST2 have been up-regulated with decreased expression level of 

AtWRY12. Moreover, direct binding of AtWRY12 to NST2 promoter and repression of NST2 

expression by WRY12 were confirmed by EMSA and in planta, indicating that AtWRY12 

serve as directly upstream repressor of NST2. 

 

Whether the secondary cell wall related NACs was regulated by other processes such as 

posttranscriptional regulation, posttranslational regulation, and controlled protein turnover 

still remain largely unknown.  MicroRNA can regulate transcription factor genes through 

cleaving their mRNA and inhibiting their protein synthesis. No microRNAs have been 

identified to regulate the secondary cell wall NACs (Sunkar et al.,2004; Lu et al., 2008; 

Puzey et al., 2012). Although AtVND7 protein is suggested to be regulated by protein 

modification (Yamaguchi et al., 2008), no solid evidence have been provided.  But 

competitive inhibition by forming non-functional heterodimers that are consisted of 

functional transcription factors and small proteins act as dominant negative regulators have 
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been described as the common mechanism for regulating the secondary cell wall NACs.  In 

Arabidopsis, VND-INTERACTING2 (VNI2), a small NAC protein with a short C-terminus, 

negatively regulates xylem vessel formation by interacting with VND1-5 and VND7 

(Yamaguchi et al., 2010). In P. trichocarpa, the SND1-A2 splice variant (SND1-A2IR) that 

lacking β6 domain and C-terminus inhibits the expression of SND-1 family members by 

forming the heterodimers with the activators of SND-1 family members (Li et al., 2012b). 

Members in the subfamily NAC-e expressed the small proteins whose structure are 

composed of the intact N-terminal NAC domain and incomplete C-terminal activation 

domain (Hu et al., 2010), suggesting that these small proteins are potential to be the dominant 

negative regulators by forming heterodimers with the functional NACs. In Arabidopsis, 

XND1/ANAC104 (Xylem NAC domain 1) from NAC-e subfamily has been revealed to affect 

the developments of tracheary elements by negatively regulating secondary cell wall 

biosynthesis, suggesting that XND1 also serve as dominant regulators for secondary cell wall 

NACs (Zhao et al., 2008).  Therefore, researches of these dominant negative regulators for 

secondary cell wall NACs will provide insights for understanding how plant coordinately 

weave the regulatory network for secondary cell wall biosynthesis. 
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1.3. Alternative Splicing and Transcription Factor Function in 

Secondary Cell Wall Formation 

1.3.1 Competitive inhibition of transcription factor function by its 

own splicing variant 

Alternative splicing is a frequent phenomenon in higher eukaryotes that involves the 

production of multiple distinct transcript isoforms from a single gene. Genome-wide studies 

have shown that the pre-mRNAs of around 40% of plant genes are alternatively 

spliced (Filichkin et al., 2010).  The first role identified for alternative splicing products is a 

mechanism for controlling gene expression at the post transcriptional level (Lewis et al., 

2003). The second role is a mechanism for increasing protein diversity (Nilsen et al., 2010).  

In animals, the alternatively spliced isoforms of transcription factor usually play a negatively 

role in regulating gene expression.  The E3 transcriptional activator mTFE3 regulates the 

expression of immunoglobulin heavy chain gene by binding their promoters (Roman et al., 

1991). The truncated proteins were generated from spliced E3 mRNA which lacks 105 

nucleotides that encode the transcriptional activation domain (Roman et al., 1991).  The 

spliced isoform can efficiently lower the transcriptional activation activity by forming a 

heterodimer with the full length mTFE3 (Roman et al., 1991). The alternative splicing 

isoform of transcription factors serve as dominate negative regulators not only for the 

transcriptional activator, but also for transcriptional repressors. The transcriptional repressor 

TEL/ETV6 acts as a suppressor for tumor formation (Sasaki et al., 2004). The splicing 
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variant lacking the DNA-binding domain can form the heterodimer with the TEL proteins 

and inhibit the activities of these TEL proteins (Sasaki et al., 2004).  

 

Alternative splicing is involved in most plant processes (Reddy et al., 2013; Staiger et al., 

2013). The small interfering peptides generated from alternative splicing often play the 

primary role to inhibit the dimerization of transcription factors in plant. The complete 

structure of transcription factors are commonly consisted of three protein domains that are 

responsible for DNA binding, dimerization, and activation or repression. Alternative splicing 

of one single transcription factor gene can produce multiple proteins with different domain 

compositions. Truncated proteins generated from alternative splicing of transcription factors 

have incomplete domain composition and can negatively regulate the target transcription 

factors by interfering with the dimerization process (Seo et al., 2011b; Seo et al., 2013). 

Transcription factors that generate the truncated splicing variant serve as the dominant 

repressors in many biological processes such as starch metabolism, cold tolerance, flowering 

time control and secondary cell wall formation. Alternative splicing of the Arabidopsis 

INDETERMINATE DOMAIN 14 (IDD14) gene regulates starch metabolism (Seo et al., 

2011a). In response to cold stress, IDD14 not only generates the functional full size IDD14α, 

but also produces non-functional truncated IDD14β. The IDD14β that lacks the DNA-

binding domain can interact with IDD14α to interfere with the formation of functional 

IDD14α homodimers. Meanwhile, overexpression of IDD14α can reduce the starch content, 

whereas overexpression of IDD14β increases the starch content in Arabidopsis. Accordingly, 

the IDD14α negatively regulated the starch metabolism. Furthermore, the alternative splicing 
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of transcription factor not only interfere the formation of the functional homodimers, but also 

affect the formation of the functional heterodimers. For example, the heterodimers formed by 

CCA1 and LHY transcriptionally regulated the DEHYDRATION REPSONSIVE ELEMENTS 

BINDING FACTORS for regulating the cold tolerance (Dong et al., 2012). The CCA1 gene 

undergoes alternative splicing and produced two splice variants, CCA1α and CCA1β (Park et 

al., 2012; Seo et al., 2012).  The truncated CCA1β form lacks a MYB DNA-binding domain, 

but has domains for dimerization and transcriptional regulation. It inhibits the formation of 

DNA binding CCA1α-LHY heterodimer to generate the dimers CCA1α- CCA1β, whereas 

CCA1α-LHY that can bind to the CBF gene promoters for induction of freezing tolerance 

(Dong et al., 2010; Seo et al., 2012). Genetic evidence also showed that the 35S:CCA1β 

transgenic plants exhibit the similar phenotype with the cca1α-lhy double mutant. These 

observations confirmed the inhibitory role of the truncated CCA1β in cold freezing via 

interfering the function of CCA1α and LHY. Not only does transcription factor mRNA intron 

retention results in the non-functional small peptides, but the exon skipping of transcription 

factor mRNA may also generate the interfering splicing variants. A Poncirus trifoliata 

MADS-box gene homologous with Arabidopsis flowing time vital player Flowering LOCUS 

C can generate the five splice variants. The smaller splice variants possibly act as dominant 

negative repressor by forming complexes with the functional transcription factors (Chen and 

Coleman, 2006; Zhang et al., 2009).  Recently, FLOWERING LOCUS M (FLM) has been 

found to generate two protein splice variants, FLM-β and FLM-δ that compete for the 

interaction with the floral repressor SHORT VEGETATIVE PHASE (SVP) (Posé et al., 
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2013). SVP-FLM-β serves as the repressor for the flowering in the low temperature, whereas 

SVP- FLM-δ acts as activator of flowering at higher temperature. 

 

1.3.2 Splicing variants of wood associated transcription factors 

negatively regulate secondary cell wall in P. trichocarpa                   

Genome-wide detection of alternative splicing in non-woody plants such as Arabidopsis and 

rice have been conducted in various tissues, cell types and  under different treatments 

(Campbell et al., 2007; Filichkin et al., 2010).  Recently, comprehensive analyses of 

alternative splicing revealed the high level of alternative splicing in P. trichocarpa, and many 

alternative splicing events happen in each individual (Bao et al., 2013). In this study, 149 cell 

wall biosynthesis related genes have evidence for alternative splicing, accounting for 38.9% 

of total cell wall biosynthesis related genes in P. trichocarpa genome. Upstream regulators 

transcription factors also have a high proportion (38.7%) that undergo the alternative splicing.  

Among these alternative splicing events that happen in the secondary cell wall related NAC 

family and MYB family, most of them are unique to one individual of all 18 trees, such as 

SND1-A1, SND1-A2, SND1-B1, and SND1-B2, suggesting  that alternative splicing event 

may be induced by environmental conditions and genomic difference. The splice variant of 

PtrSND1-A2 has been detailed analyzed (Li et al., 2012b). PtrSND1-A2 as a master regulator 

in secondary cell wall biosynthesis can activate PtrMYB021 and ectopic expression of 

PtrSND1-A2 result in xylogenesis (Mitusha et al., 2012). Splicing of PtrSND1-A2 mRNA 

produces a truncated isoform through intron retention. The truncated isoform can suppress 
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the expression of PtrSND1 family members and PtrMYB021, suggesting an inhibitory role of 

the truncated isoform in secondary cell wall formation. Yeast two hybrid, subcellular 

localization, and BiFC demonstrated that the truncated PtrSND1-A2 protein forms the non-

functional heterodimers with members from PtrSND1 family (Li et al., 2012b). Although the 

detailed functional analyses of PtrSND1-A2 splice variant have been conducted in Populus, 

many questions about the splicing variants of secondary cell wall related NACs needed to be 

uncovered.  Until now, no studies showed whether the alternative splicing of secondary cell 

wall related NACs mRNAs are dramatically altered under the special condition or in some 

specific tissue. Identification of the conditions where alternative splicing of secondary cell 

wall NACs are dramatically altered will be helpful for analyzing how the expression of these 

NACs are regulated in post-transcriptional level. 
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1.4. Vascular Related NAC Domain Transcription Factors   

1.4.1 Vascular related NAC domain transcription factors function in 

secondary cell wall biosynthesis and xylem development 

Vascular related NAC domain transcription factor genes (VNDs) are master regulators in 

xylem development and secondary cell wall formation. By discovering the expression profile 

of xylem vessel element differentiation in an in vitro Zinnia cell culture, Z567, an Zinnia 

VND gene, attracted attention because it co-expressed with the genes encoding secondary 

cell wall enzymes (Demura et al., 2002). Expression analyses of the in vitro Arabidopsis 

xylem vessel identified four Arabidopsis NAC domain genes that are orthologs of Z567 

(Kubo et al., 2005).  By searching the Arabidopsis genome for genes with similarity to the 

full-length sequence of Z567, three additional NAC domain genes were identified (Kubo et 

al., 2005). These seven NAC domain genes were designated as VND1-VND7 in Arabidopsis.  

The promoter analyses using YFP-NLS and GUS reporters showed that all these VNDs are 

specifically expressed in vascular cells. VND1-VND3 were expressed in procambial cells, 

whereas VND4 to VND7 expression were observed predominantly in immature xylem vessel 

without obvious secondary cell wall thickenings. To define the function of these VNDs in 

vascular development, they were ectopically overexpressed in Arabidopsis. As a result, 

VND1-5 transgenic lines show no obvious morphological changes in seedlings, whereas 

transdifferentiation of various type cells into xylem elements were found in root and 

hypocotyls in transgenic Arabidopsis plants of 35S::VND6 and 35S::VND7. Interestingly, 

AtVND6 induced xylem vessel elements with reticulate thickenings of secondary cell walls 
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that were similar to metaxylem vessels, whereas AtVND7 induced xylem vessel elements 

with annular and spiral thickening of secondary cell walls were similar to protoxylem vessels 

(Kubo et al., 2005). 35S::AtVND6 and 35S::VND7 were also transfected into poplar leaves 

by bombardment, and the results showed that the mesophyll and epidermal cells in the VND6 

and VND7 transformed leaves were differentiated into metaxylem-like and protoxylem-like 

vessel elements, respectively (Kubo et al., 2005). The mutants, RNAi silencing transgenic 

lines, antisense RNA repression transgenic lines for VND6 and VND7 show no detectable 

defects in morphology. But transgenic plants that overexpressing VND6 and VND7 fused to 

SRDX strong repression domain displayed defects in growth and vessel formation. 

35S::VND6-SRDX lines have irregular metaxylem vessel and normal protoxylem vessel, 

while 35S::VND7-SRDX are with irregular protoxylem vessel and normal metaxylem vessel 

(Kubo et al., 2005).The contradictory results generated from AtVND6/7-SRDX 

overexpression plants and RNAi lines of AtVND6/7 suggested that AtVND6/7 have functional 

redundancy with the other secondary cell wall regulators.  AtVND7 were taken for the detail 

analyses the domain function (Yamaguchi et al., 2008). VND7, which has a 324 amino acid 

sequence, contains NAC domain (1-161 amino acids), LP-box (162-242 amino acids), and 

WQ-box (243-324 amino acids).  The protein sequences VND71-161, VND71-242, and VND71-

324 fused to the yellow fluorescent protein (YFP) driven by the 35S promoter were expressed 

in the Arabidopsis (Yamaguchi et al., 2008). Overexpression of VND1-324-YFP transformed 

various types of non-vascular cells into xylem vessel elements, and VND1-242-YFP also 

transform non-vascular cells into xylem vessel elements. In contrast, VND71-161 not only 

failed to induce any transdifferentiated cells but result in discontinous formation of 
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protoxylem (Yamaguchi et al., 2008). The results suggested that C-terminal region 

containing LP- and WQ- boxes is required to induce vessel transdifferentiation, and truncated 

VND7 containing only a NAC domain has the potential to be the inhibitor for xylem 

development.  The gulcocorticoid-mediated posttranslational induction system of AtVND6 

and AtVND7 were used in Arabidopsis, poplar, and tobacco to better investigate the function 

of VNDs in differentiating xylem (Yamaguchi et al., 2010a). Transgenic Arabidopsis plants 

carrying AtVND6-VP16-GR or AtVND7-VP16-GR exhibited transdifferentiation of various 

types of cells into xylem vessel elements after the treatment of DEX. Sugar content analysis 

showed that xylan was increased in the transgenic plants after DEX treatments (Yamaguchi 

et al., 2010a).  Recent efforts have begun to study the orthologs of VND6 and VND7 in 

woody plants, such as P. trichocarpa.  In P. trichocarpa, AtVND6/7 orthologs (PtrWND3A-

6B/ PtrVNS1-8) can also induce ectopic secondary cell wall thickening in poplar leaves and 

Arabidopsis seedling (Ohtani et al., 2011). These results suggested that these VNDs have 

conserved function in regulating secondary cell wall formation. By transcriptional analyses 

of overexpression of these VNDs in plant or suspension cells using microarray techniques, 

their downstream genes are identified, including cell death genes and secondary cell wall 

genes (Kyoko et al., 2010; Yamaguchi et al., 2011, Ohtani et al., 2011).  
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1.4.2 Complex regulation of vascular related NAC domain transcription 

factor 

Several transcription factors have been shown to be involved in the regulation of VND 

expression (Soyano et al., 2008; Yamaguchi et al., 2010). As a negative regulator for VNDs, 

VNI2, a naturally expressed NAC, were identified to interact with VND7 using a yeast two 

hybrid system (Yamaguchi et al., 2010). Both 35S::VNI2-SRDX and 35S::VNI2 exhibited 

discontinuous vessel formation, suggested that VNI2 is a repressor for vessel formation. This 

phenotypes was similar to the plant that overexpresses of VND7-SRDX (Kubo et al., 2005) or 

C-terminally truncated VND7 (Yamaguchi et al., 2008), suggesting the functional interaction 

of VND7 and VNI. Expression profiles of VNI2 overexpressing plants showed that the 

downstream genes of VND7 are also down-regulated by VNI2 overexpression. These results 

suggested that VNI2 may form a non-functional heterodimer or repression heterodimer with 

VND7 to regulate xylem development (Yamaguchi et al., 2010a). Conversely, LBD18/30 

have been identified as the activators of VNDs. Overexpression of LBD18/LBD30 induced 

the formation of tracheary element-like cells, and ectopic expression of VND7 was detected 

in LBD18 overexpressing plants (Soyano et al., 2008). 

 

By investigating the VND6/7s and their activators and inhibitors, mounting evidences that 

VND6/7s may themselves be under positive and negative regulation (Figure 3). VNI2 

negatively regulate the expression of VND7 and the expression of VNI2 have been shown to 

be up-regulated by VND7 in Arabidopsis and poplar (Yamaguchi et al., 2010b; Ohtani et al., 

2011), suggesting that VNDs can be regulated under the negative feedback loop. Likewise, 
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the VND6/7 activators LBD18/LBD30 are also directly activated by VND6/7, showing that a 

positive feedback loop for VND7 expression (Soyano et al., 2008). 

 

In Arabidopsis, the auxin, cytokinin, and brassinosteroids that play roles in xylem vessel 

formation can increase the expression of VND6 and VND7 using promoter-GUS (Kubo et al., 

2005). But no directly evidence showed how these hormones regulated the expression of 

VND6 and VND7. By investigating the existence of both positive and negative feedback 

regulation of VNDs, the regulatory of hormone towards VNDs have begun to be elucidated. 

LBD18/LBD30 that can activate VNDs are response to auxin (Chapman et al., 2009), and the 

dominant negative suppression of LBD18/LBD30 poplar homologs caused the decrease 

diameter growth and highly irregular phloem development in Populus tremula x Populus 

alba (Yordan et al., 2010). The results suggested that LBD18/LBD30 may transfer auxin 

signals to VND6/VND7, and they function together to regulate the xylem development and 

secondary cell formation. Additionally, VNI serving as an inhibitor of VNDs can also be 

regulated by ABA (Yang et al., 2011). 

 

In contrast with no direct evidence showing the relationship between VNDs and 

phytohormone, VND7 has been shown directly to relate with biotic stress (Reusche et al., 

2012). In Brassica napus and Arabidopsis thaliana, verticillium infection can induce  de 

novo xylem formation via controlling VND7 (Reusche et al., 2012). Taken these results 

together, VNDs can be affected by various upstream signals to induce xylem vessel 

development and secondary cell wall formation. To further understand the molecular 
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mechanism how VND6 and VND7 receive upstream signals from the environment and from 

hormone and how they regulate the secondary cell wall formation and xylem development, 

the downstream genes of VNDs  analyzed in overexpression plant or cells using techniques 

(Kyoko et al., 2010; Yamaguchi et al., 2011, Ohtani et al., 2011). 
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Figure 3. Complex regulation of AtVNDs. (a) Simiplified model showing the negative 
feedback loop regulating AtVNDs  (b) Simiplified model showing the positive feedback loop 
regulating AtVNDs 
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1.5 Conclusions 

Previously, a naturally occurring splice variant of SND1-A2 (SND1-A2IR) have been 

identified from P. Trichocarpa, and serve as the negative regulator for regulating the 

downstream genes of SND1-A2. The protein structure and functional mechanism of SND1-

A2IR are similar to VNI in Arabidopsis that forms the non-functional heterodimer with the 

full-length NAC domain. Therefore, the splice variant of VND may also be expressed into a 

truncated protein, and form a non-functional heterodimer with VNDs. But no mRNA splice 

variants of VNDs have been identified from Arabidopsis (Campbell et al., 2007; Filichkin et 

al., 2010).  Recenly, the VND mRNA splice variants have been identified from Populus 

Trichocarpa, including that the alternative form of VND6A1 mRNA and VND6A2 mRNA 

(Bao et al., 2013). But the analyses also indicate that most of alternative splicing events 

happen in each individual. Therefore, identification and analyses of VND splice variants is 

essential for understanding the regulatory mechanism of VNDs in P.trichocarpa.   
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CHAPTER 2 

Identification of the Natural Occurring Splicing Variants of 

VNDs in P. trichocarpa 

2.1. Introduction 

Lignocellulosic biomass was used for thousands of years as the food and fuel for human. The 

major component of lignocellulosic biomass is secondary cell walls built with cellulose and 

hemicellulose that are embedded with lignin to reinforce the cell wall structure. The genes 

involved in cellulose, hemicellulose, and lignin synthesis should be coordinately expressed to 

create the secondary cell wall. In Arabidopsis, significant progress has been made to 

elucidate the transcriptional regulation of secondary cell wall biosynthesis. NAC domain 

transcription factors act as master regulators for secondary cell wall  thickening, including 

SND1, NST1, VND6, and VND7  (Mitsuda et al., 2005; Zhong et al., 2006; Mitsuda et al., 

2007; Ohashi-ito et al., 2010; Yamaguchi et al., 2011).  To employ these NAC transcription 

factors for generating transgenic plants that produce more biomass, the regulation of the 

NAC transcription factors should be analyzed in woody plants.  

 

Identification of secondary cell wall NAC transcription factors from poplar arose from some 

studies (Zhong et al., 2010; Zhong et al., 2011; Ohtani et al., 2012; Li et al., 2012). 

Overexpression of these secondary cell wall NACs activated enzymes involved in the 

secondary wall biogenesis and resulted in ectopic secondary wall thickening. Compared to 

the regulatory mechanism of secondary cell wall NACs in Arabidopsis, a distinct mechanism 
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of PtrSND1 regulation have been found in P. trichocarpa. PtrSND1-A2IR, a novel splice 

variant generating from PtrSND1-A2, has been identified from P.trichocarpa xylem (Li et al., 

2012). PtrSND1-A2IR suppresses the expression of the PtrSND1s and PtrMYB021, 

suggesting that the splice variant serves as a dominant negative regulator in secondary cell 

wall formation. Detailed analyses showed that PtrSND1-A2IR lacking the activation domain 

may form the non-functional heterodimer with PtrSND1-A2 (Li et al., 2012).   

 

To investigate whether other secondary cell wall NACs also generated alternative splicing 

variants, Vascular-Related NAC Domain (VNDs) transcription factors were selected for 

further analyses. Here, three naturally occurring alternative splicing variants (PtrVND6-A1IR, 

PtrVND6-A2IR, and PtrVND6-C1IR) of PtrVND6s from P. trichocarpa xylem tissue were 

identified through PCR cloning, RNA-seq, and 3’ Rapid Amplification of cDNA End (3’-

Race). By analyzing its transcripts and proteins of PtrVND6-C1IR in P. trichocarpa, the 

PtrVND6-C1IR has been shown to be preferentially expressed in stem differentiating xylem 

(SDX).  
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2.2.       Material and Methods 

Plant materials and growth conditions 

Clonal propagules of P. trichocarpa (Nisqually-1) were cultured and maintained in the 

greenhouse (Song et al., 2006). In the greenhouse, the temperature varies from 15 -28  and 

the photoperiod is under 16 h light/8 h dark. The trees were grown in a soil mix consisting 

1:1 potting mix to peat moss. Specific tissues were collected from 6 months-old trees, and 

used immediately to isolate genomic DNA, RNA, and protein. 

 

 RNA isolation and real-time RT-PCR analysis of gene expression 

Total RNAs were isolated from stem differentiating xylem (SDX), phloem, young shoot, 

leaves and root using a RNeasy plant RNA isolation kit (Qiagen) and treated with RNase-free 

DNase I to remove the genomic DNA by using the RNase-free DNase Set (Qiagen) in 

extraction. The quality of the extracted RNA was examined by gel electrophoresis and UV 

spectrogram scan. Total RNA (200 ng) was reverse transcribed using TagMan reverse 

transcription reagents (Applied Biosystems, Roche). Real-time PCR was conducted with an 

Applied Biosystems 7900HT Sequence Detection System. For each reaction, a 25-μL 

mixture contained the first cDNA strand (equivalent to 1- 5 ng of total RNA), 5 pmol each of 

the forward and reverse primers of VNDs (Table 1), and 12.5 μL 2 × SYBR green PCR 

master mix. The amplification program was as follows: 95  for 10 min, then 45 cycles of 

95  for 15 sec and 60  for 1 min, after which a thermal denaturing cycle was added, to 
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determine the dissociation curve of the PCR products to check the amplification specificity. 

A formula for absolute quantification of the transcript copy numbers per unit mass of total 

RNA was derived, similarly to previous publication (Shi et al., 2010). For relative 

quantification, each reaction was repeated at least three times and the transcript level was 

normalized to that of 18s rRNA. Such normalized values allowed the comparison of the 

expression le of different genes and are calculated as the described by Schmittgen et al., 

(2008). 

PCR cloning and 3’ Race PCR method  

The full length cDNAs of PtrVND6-A1, PtrVND6-A2, PtrVND6-B1, PtrVND6-B2, 

PtrVND6-C1, PtrVND6-C2, PtrVND6-A1IR, PtrVND6-A2 IR, and PtrVND6-C1 IR were 

amplified from SDX cDNAs by using primer sets VND6-A1 F/R, VND6-A2 F/R, VND6-B1 

F/R, VND6-B2 F/R, VND6-C1 F/R, VND6-C2 F/R, VND6-A1F/-A1IR R, VND6-A2F/ -A2 

IR R, and VND6-C1F/ C1 IR-R (Table 2). These primer sets were designed based on the 

sequence datasets of P. trichocarpa in Phytozome. The PCR products were examined by gel 

electrophoresis and then cloned into pENTR/D-TOPO vectors (Invitrogen) for sequencing. 

The 3’ RACE PCR was conducted by using a GeneRacer kit with SuperScript II RT. The 

forward primer for 3’ RACE was the same as the RT primers (Table 3) described above, and 

the reverse primers was the GeneRacer 3’primer provided by the kit (Invitrogen).  
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RNA-Seq Analysis of Intron/Exon Sequence Depth of PtrVND6 

Genes  

Total RNAs of SDX were isolated using an RNeasy Plant RNA Isolation kit (Qiagen). 

RNAseq libraries were prepared following the protocol of the TruSeq RNA Sample 

Preparation Guide (Illumina) with modifications. Ten micrograms of total RNAs were used 

for mRNA purification using Sera-Mag Magnetic Oligo (dT) beads. The mRNA was 

fragmented and reverse transcribed into double-strand cDNA, followed by end repair and 

3’end adenylation. The cDNA was ligated with adapters, where the PE adapter Oligo mix 

was substituted with multiplex adapters from the multiplex oligo only kit. The cDNA was 

electrophoresed on a 2% (wt/vol) agarose gel. The fraction of 200 ± 25 bp was excised from 

the gel with a GeneCatcher Disposable gel excision tip, and cDNA was purified with a 

QIAquick Gel Extraction Kit (Qiagen). TruSeq protocol incorporating the following three 

steps to enrich the cDNA was performed during the amplification stage: (i) PCR Primer PE 

1.0 and PE 2.0 were substituted with InPE 1.0 and 2.0 primers from the multiplex oligo only 

kit; (ii) 1 μL of index primer was included; and (iii) the number of PCR cycles was increased 

to 18. Then RNA-seq libraries were adjusted to 1 nM and pooled for a multiplex sequencing 

run. The pooled libraries were denatured and annealed to a lawn of oligos on a lane of a flow 

cell using a cBot. Once clonal clusters were produced, the sequencing primer was annealed, 

and the sequencing run was carried out by using reversible terminator dye chemistry on a 

GAIIx. The RNAseq libraries were sequenced by using Illumina GAIIx platform at the 

Genomic Science Laboratory, NCSU USA. The resulting FASTAQ files from Illumina 
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GAIIx were mapped to the genome of P. trichocarpa version 2.2 by using Bowtie and 

Tophat. Multiple BAM (Binary sequence Alignment  Map) files were merged by SAM tools 

and visualized the intron and exon junction of each gene by IGV (Integrative Genomics 

Viewer) (Tuskan et al., 2006; Langmead et al., 2009; Li et al., 2009; Thorvaldsdóttir et al., 

2012; Kim et al., 2013). The intron and exon junction results that showed the alternative 

splicing were averaged with the data of 12 libraries collected from 36 trees. 

 

Production of recombinant NAC-domain and full-size PtrVND6s 

Proteins in E .coli 

The NAC domain coding regions of PtrVND6-A1, PtrVND6-A2, PtrVND6-B1, PtrVND6-

B2, PtrVND6-C1, and PtrVND6-C2 were amplified with primer sets A1Pr-F1/-NACR1, 

A2Pr-F1/-NACR1, B1Pr-F1/-NACR1, B2Pr-F1/-NACR1, C1Pr-F1/-NACR1, and C2Pr-F1/-

NACR1 (Table 2), respectively. The NAC cDNAs of PtrVND6-A1, PtrVND6-A2, PtrVND6-

B1, PtrVND6-B2, PtrVND6-C1, and PtrVND6-C2 were each cloned into pGEXKG1 (GE 

Life Science) at the XbaI/XhoI sites. The expression constructs were transferred into E. coli 

BL21 (DE3) (Invitrogen). The E .coli BL21s were subculture in 250ml LB until the OD of 

the bacterial concentration reach 0.5-0.8 and then protein expression (as GST fusion) was 

induced with 0.5 M IPTG at 28 °C for 8 h. Similarly, the full length sequences of PtrVND6-

A1, PtrVND6-A2, PtrVND6-B1, PtrVND6-B2, PtrVND6-C1, PtrVND6-C2, PtrVND6-C1IR 

were amplified using A1Pr-F1/-R1, A2Pr-F1/-R1, B1Pr-F1/-R1, B2Pr-F1/-R1, C1Pr-F1/-R1, 

C2Pr-F1/-R1,and C1Pr-F1/C1IRPr-R1 (Table 2) respectively.  The amplified full length 
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sequence were cloned into PGEXKG1 (GE Life Science) at the XbaI/XhoI sites. These 

expression constructs were transferred into E. coli BL21 (DE3) (Invitrogen). The 

transformed E.coli BL21s were subculture in 500ml LB until the OD of the bacterial 

concentration reachED 0.4-0.6 and then the expression of these E.coli were induced with 

final concentration of IPTG that reached 4mM at 16 °C for 16h. 

 

Purification of recombinant proteins 

Two hundred and fifty milliliters of cell culture (NAC domain VND6-A1/-A2/-B1/-B2/-C1/-

C2 and full length VND6-A1/-A2/-B1/-B2/-C1/-C2/-C1IR) was collected and suspended in 20 

mL of PBST buffer(1× PBS, pH 7.4, 5 mM EDTA, 1% Triton X-100, 1 mM PMSF,0.05% β-

mercaptoethanol). Cells were disrupted by using a Branson Digital Sonifier for 18 min (every 

30s-10s on /20s off; 21% amplification). The cell lysate was centrifuged at 12,000 × g for 30 

min at 4 °C. The supernatant was mixed with 1 mL of glutathione-S-agarose beads (Sigma) 

and held at 4 °C for 45 min with gentle shaking. The beads were washed eight times with 

PBST buffer without PMSF and were held at room temperature for 30 min in 3 mL of 

thrombin cleavage buffer (50 mM Tris pH 8.0, 150 mM NaCl, 2.5 mM CaCl2, 0.05% β-

mercaptoethanol) with 20 units of thrombin to remove GST. The GST-free protein was 

concentrated and desalted with an Amicon Ultra centrifugal filter (Ultra-15, MWCO 10kDa 

used for the NAC domain proteins and Full length VND6-C1IR; Ultra-4, MWCO 30kDa used 

for Full length VNDs excepting VND6-C1IR ) three times with 50mMNaHP buffer, pH 7.0, 
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containing 20% (vol/vol) glycerol. All these proteins were concentrated in 300µl for protein 

visualization and antibody specificity analysis. 

 

Measurement of recombinant proteins  

To measure the concentration of extracted protein, the Bradford protein assay was applied for 

these VND samples. The assay was performed using 10 µl of protein extract, 90µl of 1mol/l 

NaCl, and 900 µl Bradford reagent (Bio-rad) for each sample, and the UV absorbance was 

read at 595nm for samples.  The standard curve was constructed with a linear range of these 

assays for BSA (50ng/µl-5µg/µl), and the concentration of unknowns was determined after 

linear regression of the standard curve. To confirm whether the desired recombinant proteins 

were successfully expressed, the Commassie Brilliant Blue (CBB) staining method was used 

for visualizing the expressed proteins. The NAC domain proteins and full length VND6-C1IR 

with the higher concentration were run in a SDS-gel. After electrophoresis, the SDS-gel was 

stained with 0.5% Commassie Blue G-250 (prepared in 50% methanol/ 10% acetic acid) to 

cover the gel for 2h. Destain with 40%methanol/10% acetic acid every 10-20min until the 

bands are clear. The full-length VND6s proteins were run in a SDS-gel, and the gel were 

treated with a modified CBB method for visualize the VND6s proteins that purified in low 

concentration (Wang et al., 2007). After electrophoresis, the gel was transferred to 20 

volumes of fixing solution (10% v/v acetic acid, 10% v/v methanol, and 40% v/v ethanol), 

and fixed  for 1h. Then the gel was stirred within sensitization  solution (1% v/v acetic acid, 

10% v/v ammonium sulfate), and then stayed in staining solution (5% v/v acetic acid, 

45%v/v ethanol and 0.125% w/v CBB R-250) for 4h. The stained gel was successively 
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transferred to destaining solution I (5% v/v acetic acid, 40%v/v ethanol) for 1h and de-

staining solution II (3% v/v acetic acid, 30% v/v ethanol) until the background was clear. 

 

The extraction of nuclear protein and crude protein from 

P.trichocarpa xylem 

For crude protein extraction from P.trichocarpa xylem, three grams of fresh SDX tissue were 

ground in liquid nitrogen, and cells were disrupted in 15 mL extraction buffer [50 mM Bis-

Tris (pH 7.0), 20mM sodium ascorbate, 0.4M sucrose, 100mMNaCl, 5mMDTT, 10% (wt/wt) 

polyvinylpolypyrrolidone, 1mM PMSF,1 mg/mL pepstatin A, 1 mg/mL leupeptin], using a 

homogenizer for 2 min on ice. After removal of cell debris by centrifuge (two times at 3,000 

× g, 4 °C, 15 min each), the protein concentration of the crude extract was determined by the 

Bradford assay (Bio-Rad) and the extract was used for storage and western blot. For nuclear 

protein extraction from P. trichocarpa xylem, three fresh and juicy SDX tissues were 

collected to isolate nuclei by using a CelyticTM PN Isolation kit (Sigma). The tissues were 

disrupted in 5 mL of 1× Nuclei Isolation Buffer (NIB; Sigma) containing 1mM DTT, and 

then homogenized for 10 min, during which they were chilled on ice (3 × 2 min). The tissues 

lysates were loaded onto of a freshly prepared density gradient, which contains 3 mL of 30% 

(vol/vol) percoll in 1× NIB buffer (the second layer) and 3 mL of 2.3 M sucrose (the bottom 

layer). After centrifugation at 3,200 × g for 30 min, the contents (mostly nucleis) in the two 

interface spaces (between the top and second layers and the second and bottom layers) were 

collected. After being washed with 8 mL of 1× NIB buffer, the nucleus were centrifuged at 
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3,200 × g for 5 min and resuspended in 150 μL of 1× NIB buffer containing 5 mM DTT. 

After vortexing at 4 °C for 30 min, the organelle lysate was centrifuged at 12,000 × g for 10 

min, and the supernatant containing the soluble proteins was collected and stored for western 

blotting. 

 

Antibody Production and Western Blotting 

The VND6-C1 N-terminal specific peptides (-GFWKATGRDKSVYDKT), C-terminal 

specific peptides (-LLLQSGRDEGNNKFNGFLSS), and VND6-C1IR intron-translating part 

specific peptides (-TLPPSPPQLICHTIKVKA) were identified by comparing sequences of 

their homologs. These peptides were synthesized, conjugated with keyhole limpet 

hemocyanin, and used to immunize rabbits for polyclonal antibody production (Antagene). 

The recombinant proteins of VNDs used for antibody specificity analyses were separated by 

10% SDS-PAGE and analyzed by Western blot with polyclonal antibodies directed against 

the VND6-C1 N-terminal specific antibody, C-terminal specific antibody, and VND6-C1IR 

intron-translating part specific antibody, respectively. The nuclear proteins were used for 

Western blotting with VND6-C1 N-terminal specific antibody, C-terminal specific antibody, 

and VND6-C1IR intron-translating part specific antibody to detect the PtrVND6-C1, and 

PtrVND6-C1IR. The VND6-C1IR intron-translating part specific antibody were used to 

analyze the subcellular distribution of PtrVND6-C1IR for crude protein (mainly cytosol 

protein) and nuclear protein, respectively. 
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Table 2 ‐ Primers used for sequence cloning and vector construction 
 
VND6-A1F CACCTGGATTGCAGGACTCAAGGC 

VND6-A1R GCCATGAATCATAGATTTTGGCTGG  

VND6-A2F CACCGGAGTATGCTGAATGGATTTCAGG  

VND6-A2R AACTGGATATCATCATTTCCATAGATCA  

VND6-B1F CACCGCTGCATTTCAGTTCTTGGAGGAG  

VND6-B1R TAAGCCTTCACTTCCACAGATCA  

VND6-B2F CACCAATCTTCAGTTCTTGGAGGAGATG  

VND6-B2R GCGTTCACTTCCATAGATCAATTTGG  

VND6-C1F CACCTATGCAGCATCATCAACGGTTGT  

VND6-C1R TCCCCAGATTCATTTCTCAAATATGC  

VND6-C2F CACCGGTGGTGGTGAATTTTATGCAGC  

VND6-C2R CCTCTTCAAACCCCTCTCTTCAT  

PtrVND6-A1IRR ACCCTGCACACAACCCAACC  

PtrVND6-A2IRR ACCCTACACACGACCCAACCT  

PtrVND6-C1IRR CTAGGTCAATATGTAGAGCCTGTTC  

A1Pr-F1 ATCTAGACATGAATACTTTTACACATGTTCCTC  

A1Pr-NACR1 CGTCGACCTCGAGGCAAACTGATTCATGCTCAC  

A2Pr-F1 ATCTAGACATGAATTCTTTTACACACGTTCC  

A2Pr-NACR1 CGGATCCCTCGAGACAGACTGATTCATGCTCACTC  

B1Pr-F1 ATCTAGACATGGTTGATATTGCTGCATTTCAGTT  

B1Pr-NACR1 CGTCGACCTCGAGCCAACATGGTGAGTCGTAGTCA  

B2Pr-F1 ATCTAGACATGAATACCTTCTCGCATGTC  

B2Pr-NACR1 GCGTCGACCTCGAGCCAACATGGTGAGTCATAGTCA  

C1Pr-F1 TCTAGACATGGAGTCAATGGAGTCG  

C1Pr-NACR1 CGTCGACCTCGAGTTCCTCATAGAAGTAGCTTGAG  

C2Pr-F1 TCTAGACATGATGGAGTCAATGGAGTCT  

C2Pr-NACR1 CGTCGACCTCGAGGCTTGAGTCCCACCCTTCA  

A1Pr-R1 ACTCGAGCTTCCATAGATCAATTTGACAACTG  

A2Pr-R1 ACTCGAGTTTCCATAGATCAATTTGACAACT  

B1Pr-R1 ACTCGAGCTTCCACAGATCAATTTGACAACT  

B2Pr-R1 ACTCGAGCTTCCATAGATCAATTTGGCAACT  

C1Pr-R1 ACTCGAGTTTCTCAAATATGCATATTCCGATA  

C2Pr-R1 ACTCGAGTTTTTCAAATATGCATATTCCAATATC  

C1IRPr-R1 ACTCGAGGTATGTTGGAAGACAATGAAGA  
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2.3.       Results and Discussion 

2.3.1.   Characterization of the PtrVNDs transcript isoforms 

 Several groups identified a subfamily of wood-associated NAC domain transcription factors 

(PtrWNDs; PtrVNSs; PtrSND-1s/PtrSND-2/3s/PtrVNDs) that regulate the expression of 

secondary cell wall biosynthetic genes in poplar (Zhong et al., 2010a; Zhong et al., 2010b; 

Mitusha et al., 2011; Li et al., 2012b; Figure 4a). We focused on all six VND6 homologs, 

which were named PtrVND6-A1, PtrVND6-A2, PtrVND6-B1, PtrVND6-B2, PtrVND6-C1, 

and PtrVND6-C2 (Li et al., 2012). The six PtrVND6 members have the typical NAC gene 

structure of three exons and two introns according to the Populus trcihocarpa v2.2 database 

and encode the mRNAs of -1.1-1.4 kb.  

 

PCR products with the expected size were amplified for each of the six PtrVND6s, and three 

other products that have larger sizes are amplified for PtrVND6-A1, -A2 and -C1 (Figure 4). 

The larger product (-1.6kb) for PtrVND6-C1 retained the second intron from incomplete 

splicing of its pre-mRNA, and the products (-1.3kb) from both PtrVND6-A1 and PtrVND6-

A2 also retained the second intron (Figure 4b). To test whether the cloned intron-retaining 

cDNAs that was reverse-transcribed from the mature mRNA, PtrVND6-A2 was selected to 

be analyzed by 3’RACE PCR. Sequences flanking the poly (A) tail were amplified from 

SDX RNAs and two products were obtained. Sequencing of these products showed that the 

second intron of the PtrVND6-A2 was included in the larger product, whereas the smaller 

product had no introns. 
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To verify whether the alternative splicing variants constantly exist in SDX, RNA-seq data 

from the mRNAs of 36 trees were extracted, and the exon-intron structures for the mRNAs of 

PtrVND-6A1, PtrVND6-A2, and PtrVND6-C1 were visualized.  These second introns were 

clearly included in PtrVND6-A1, PtrVND6-A2, and PtrVND6-C1 mRNA (Figure 5). 

Furthermore, the three larger products can be PCR-amplified from another set of nine 

independent P.trichocarpa plants collected in different times. The conserved events of 

retained second intron occur consistently and naturally for several members of PtrVNDs. 

These second intron-retained splice variants of transcripts were named as PtrVND6-A1IR, 

PtrVND6-A2IR, and PtrVND6-C1IR, respectively. 
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Figure 4.  Discovery of alternative splicing of PtrVNDs transcripts.  (a) The phylogenetic 
tree of SND and VND genes in P. trichocarpa by identifying the homologs of AtVNDs, 
AtSNDs, and AtNSTs (b) PCR amplification of PtrVND6 members PtrVND6-A1 (A1), 
PtrVND1-A2 (A2), PtrVND6-B1 (B1), PtrVND6-B2 (B2), PtrVND6-C1 (C1) and PtrVND6-
C2 (C2).   

 
 

 

a. 

b. 
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Figure 5. Expression profiles of PtrVND6s and their transcript isoforms （a）The 
expression of splicing forms of PtrVND6-A1 (A1), PtrVND1-A2 (A2), PtrVND6-C1 (C1) in 
SDX. (b) RNA seq data of PtrVND6-A1. (c) RNA seq data of PtrVND6-A2. (d) RNA seq 
data of PtrVND6-C1. The red line in the plot mean the single nucleotide difference between 
RNA seq read and genome sequence. 
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2.3.2.   Expression of the isoforms of PtrVND6s  

With the identification of the three splice variants with the conserved splicing form, the 

expression of PtrVND6-A1IR, PtrVND6-A2IR, and PtrVND6-C1IR were further analyzed 

(Figure 5a). Real time reverse transcription followed by polymerase chain reaction (RT-PCR) 

and RNA-seq showed that the transcripts of PtrVND6-C1IR were more abundant than those of 

PtrVND6-A1IR and PtrVND6-A2IR in SDX tissue (Figure 4 and Figure 5). Furthermore, the 

ratio of intron retained mRNA to intron non-retained mRNA was taken to estimate the extent 

of alternative splicing.  The three splicing variants were detected at similar ratios in SDX. 

The functions of PtrVND6s are redundant (Ohtani et al., 2011) and the exon-intron 

compositions of three splicing variants are similar, indicating that the three splice variants 

use the similar mechanism to regulate the downstream genes. PtrVND6-C1IR with the highest 

expression level was taken into further analyses. 

 

To identify whether in some tissue that PtrVND6-C1IR is preferred to be spliced out, qRT-

PCR was conducted to analyze the expression of PtrVND6-C1 and PtrVND6-C1IR in several 

tissues, including xylem, phloem, young shoots, roots, and leaves (Figure 6). The transcripts 

of PtrVND6-C1IR are more abundant in SDX tissue than in the phloem, young shoot, root and 

leaf. Furthermore, the transcripts abundance ratio of PtrVND6-C1IR to PtrVND6-C1 in each 

tissue was highest in the SDX tissue (Figure 6b). PtrVND6-C1IR is likely to participate in the 

biological processes of SDX tissue. 
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Figure 6. Expression of PtrVND6C1 and PtrVND6-C1IR (a) Tissue specific expression of 
the PtrVND6-C1 (non-retented form) and PtrVND6-C1IR (retented form).  (b)The ratio of 
PtrVND6-C1IR/PtrVND6-C1 in specific tissues  
 

a. 

b. 
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2.3.3.   Splice variant VND6-C1IR encodes a truncated NAC-Domain 

protein  

We next analyzed whether the PtrVND6-C1 IR transcripts are translated into proteins. The 

full-size PtrVND6-C1 cDNA was predicted to produce a protein of 346 amino acids (aa) with 

a conserved N-terminal NAC domain (166 aa) and a C-terminal activation domain (180 aa) 

(Figure 7). The NAC domain mainly functions in DNA-binding and protein dimerization 

(Erst et al., 2004). The PtrVND6-C1 IR cDNA encodes a predicted protein of only 180 aa 

because of a premature termination codon (PTC) in the retained second intron. The truncated 

protein is composed of the protein dimerization domain, the DNA binding domain and the C-

terminal amino acid sequence encoded by the retained second intron that is upstream of the 

PTC (Figure 7).  

 

Based on the predicted protein sequence of PtrVND6-C1 IR and PtrVND6-C1, we designed 

two specific antibodies for detecting these two proteins in SDX tissues.  A polypeptide in 

NAC domain was selected to make antibodies that can distinguish PtrVND6-C1IR and 

PtrVND6-C1 from the other five PtrVND6s in SDX tissues (Figure 8a). This antibody was 

designed to hybridize with the protein sequence of PtrVND6-C1 NAC domain so that it can 

recognize the PtrVND6-C1 and PtrVND6-C1IR as different sized bands (NAC-antibody). 

Another polypeptide was selected at the unique C terminus of 24 amino acids that translated 

from the retained second intron. The antibody generated from this polypeptides is PtrVND6-

C1IR-specific (IR-antibody).  
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The two antibodies were firstly examined for their specificity with the seven PtrVND 

proteins. The NAC domain proteins of six PtrVND6s and full size protein of PtrVND6-C1IR 

were expressed in E.coli (Figure 8b). By using the NAC-antibody, the two bands with size 

corresponding to the predicted molecular masses of full length PtrVND6 (43kDa) and 

PtrVND6-C1IR (22kDa) have been detected in SDX tissues.  The IR-antibody was used to 

further discriminate the identity of PtrVND6 and PtrVND6-C1IR, and the results 

demonstrated the presence of PtrVND6-C1IR in SDX tissue (Figure 8c).  The identification of 

PtrVND6-C1IR protein in SDX tissue indicated that non-sense mediated mRNA degradation 

(NMD) machinery doesn’t rid the PtrVND6-C1IR at the transcript level. Thus, the function of 

PtrVND6-C1IR in SDX tissue should be analyzed in the following experiments. 
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Figure 7. Genomic, transcript and protein structures of PtrVND6s and the intron 
retained isoforms 
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Figure 8.  Western blot for antibody specificity and detecting the PtrVND6-C1 and 
PtrVND6-C1IR. (a) The diagram to show the antibody that hybridizes with target proteins. (b) 
E. coli produced recombinant NAC-domain proteins from A1, A2, B1, B2, C1, C2 and 
recombinant protein of the full-length C1IR, probed with the NAC-domain antibody located 
in the NAC domain of C1 and C1IR. ). (c) Western blot analysis of SDX total organelle 
proteins probed with the NAC-domain antibody) and probed with the C-terminal antibody  
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2.3.4   Bioinformatic and literature based analysis for of the 

alternative splicing of PtrVNDs  

To further analyze the function of PtrVND6-C1IR, the function and regulation of PtrVND6-

C1IR were predicted by using bioinformatic tools. By using the Pfam to predict the protein 

domain of PtrVND6-C1IR, only NAC domain can be identified as the functional domain 

(Finn et al., 2010). psROBOT was used to investigate whether the retained second intron can 

be recognized by microRNA, and the Ubpreb (predictor of protein ubiquitination sites) was 

used to investigate whether the PtrVND6-C1IR-specific C-terminal 24 amino acid (translated 

from the retained second intron) can be regulated by ubiquitin system (Radivojac et al., 2010). 

The transcripts and proteins of PtrVND6-C1IR are not the targets of microRNA and ubiquitin 

based on the prediction. 

 

To analyze the sequence identity of PtrVND6-A1IR, PtrVND6-A2IR, and PtrVND6-C1IR, 

their sequences were aligned using MEGA5.2 (Tamura et al., 2012). The three transcripts 

share the conserved sequence “CCACAGGCAAG” before the second intron. Our previously 

identified splice variant PtrSND1-A2IR has similar sequence “CTACTTGCAAG” in the same 

place. The consensus sequences identified between exon and intron are usually recognized as 

splicing site that can bind to U1-snRNP (Matlin et al., 2005). In animal, the splicing sites are 

usually located in front of the intron and follow a degenerate consensus sequence 

YAG/GURAGU (Busch et al., 2012). The consensus sequence of PtrVND6-A1IR, PtrVND6-



 

65 
 

A2IR, and PtrVND6-C1IR identified between exon and intron suggests that the three 

alternative splicing transcripts may be regulated by a similar mechanism as in animal. 

 

2.4. Conclusions 

Here, we reported three naturally occurring splicing variants of PtrVND6s from xylem tissue 

(PtrVND6-A1IR, PtrVND6-A2IR, and PtrVND6-C1IR). 3’-race and RNA-seq showed that the  

PtrVND6-A1IR, PtrVND6-A2IR, and PtrVND6-C1IR have the similar splicing pattern.  

PtrVND6-C1IR is most abundant among the three splicing variants. The mature mRNA of 

PtrVND6-C1IR is preferentially spliced out in xylem, and PtrVND6-C1IR mRNA can be 

translated into the protein. Additionally, the bioinformatic analyses suggested that the 

transcript and protein of PtrVND6-C1IR are stable in vivo. 
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CHAPTER 3 

Investigation of PtrVND6-C1IR Function in Regulating Secondary 

Cell Wall related NACs and PtrMYB021 

3.1. Introduction          

In higher eukaryotes, alternative splicing is a frequent phenomenon that involves the 

production of multiple distinct transcript isoforms from a single gene. Genome-wide studies 

have shown that the pre-mRNAs of about 40% of plant genes are alternatively 

spliced (Filichkin et al., 2010).  The alternative splicing of mRNA often produces a truncated 

protein rather than the full size protein with the normal function.  In plants, alternative 

splicing of transcription factors often produces truncated proteins serving as the dominant-

negative repressors in many biological processes. These dominant-negative repressors may 

inhibit transcription either by competing with transcriptional activators for DNA binding, or 

by interacting with transcriptional activators to form inactive heterodimers. 

 

Truncated splice variants of transcription factors have been found for many processes, 

including starch metabolism, cold tolerance, flowering time control and secondary cell wall 

formation (Yuan et al., 2010; Seo et al., 2011a; Park et al., 2012; Seo et al., 2012; Li et al., 

2012b; Posé et al., 2013). In differentiating xylem of P.trichocarpa, splicing of PtrSND1-A2 

mRNA produces a truncated isoform through intron retention (Li et al., 2012b). Full size 

PtrSND1-A2 can activate secondary cell wall biosynthesis genes. Ectopic expression of 
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PtrSND1-A2 results in xylogenesis (Ohtani et al., 2012). The truncated isoform can suppress 

the expression of PtrSND1 family members and PtrMYB021, suggesting an inhibitory role of 

the truncated isoform in secondary cell wall formation. Yeast two hybrid, subcellular 

localization, and BiFC demonstrated that the truncated PtrSND1-A2 protein forms 

heterodimers with PtrSND1 members (Li et al., 2012b).  

 

PtrVND6-C1IR undergoes the same splicing process of intron retention as PtrSND1-A2IR, 

lacking the C terminus and the last α-helix of the NAC domain (Erst et al., 2004). Thus, 

PtrVND6-C1IR may produce a similar result as PtrSND1-A2IR –mediated attenuation of 

PtrSND1s and PtrMYB021.  To test this hypothesis, transient transcriptional perturbation in 

P.trichocarpa stem-differentiating-xylem (SDX) protoplasts, transactivation in Arabidopsis 

leaf protoplasts, and electrophoretic mobility shift assays (EMSAs) were conducted to show 

that the dominant negative inhibition of PtrVND6-C1IR on PtrMYB21. These finding were 

expanded with the results of the inhibition activities of PtrVND6-C1IR for the expression of 

PtrSND1s and PtrVND6s. 
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3.2. Materials and Methods 

Plant materials and growth conditions 

Clonal propagules of P. trichocarpa (Nisqually-1) were cultured and maintained in the 

greenhouse (Song et al., 2006). In the greenhouse, the temperature varies from 15 -28  and 

a long photoperiod (16 h light/8 h dark). The trees were grown in a soil mix consisting 1:1 

potting mix to peat moss. Healthy plants grown in 6 to 9 month-old were used to collect 

xylem tissue for isolating SDX protoplasts. 

 

Arabidopsis thaliana plants were grown in a mixture of vermiculite, perlite, and peat moss 

(1:1:1 ratio) in an environmentally-controlled chamber with a long photoperiod (16 hr light 

and 8 hr dark) at 24°C. Healthy 4-week-old Arabidopsis plant were used to collect the 

optimal true leaves (fifth, sixth, and seventh) for isolating the mesophyll protoplasts.  

 

Vector construction and preparation for Effector-Reporter-Based gene 

transactivation and overexpression of PtrVNDs 

To prepare the vectors that used to express reporters, the 2-kb promoters of PtrMYB021, 

PtrVND6-A1, PtrVND6-A2, PtrVND6-B1, PtrVND6-B2, PtrVND6-C1, and PtrVND6-C2 

were identified based on the Phytozome v9.1 P.  trichocarpa sequence.  I amplified these 

promoters using primer sets MYB021prom-F/-R, A1prom-F/-R, A2prom-F/-R, B1prom-F/-R, 

B2prom-F/-R, C1prom-F/-R, and C2prom-F/-R (Table 3). Each of the PCR products of 

PtrMYB021, PtrVND6-A1, PtrVND6-A2, PtrVND6-B1, PtrVND6-B2, PtrVND6-C1, and 
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PtrVND6-C2 promoters were ligated to pGEM-T vectors using pGEM®-T Vector System I 

(Promega). The pGEM-T vectors harboring VNDs promoter sequences were digested with 

PstI and XbaI and the vector harboring MYB21 promoter sequence was digested with 

HindIII and BamI. The digested fragments then were inserted into pUC19-35S-GUS that was 

prepared by inserting 35SP-GUS-NosT from pBI121 into pUC19-35S-GUS at the HindIII and 

EcoRI sites, generating pUC19-35S-PtrMYB021P-GUS, pUC19-35S-PtrVND6-A1P-GUS, 

pUC19-35S-PtrVND6-A2P-GUS, pUC19-35S-PtrVND6-B1P-GUS, pUC19-35S-PtrVND6-

B2P-GUS, pUC19-35S-PtrVND6-C1P-GUS, and pUC19-35S-PtrVND6-C2P-GUS.  All 

primers used were designed by tool Primer 3 (Biotools from the University of Massachusetts).  

 

The optimal vectors for expressing PtrVND6s as effectors or activators should have three 

characteristics: 1) they should be able to express the native protein without any tag; 2) they 

should have a reporter gene in the same construct to generate the fluorescence signals to 

monitor the transfection efficiency; 3) the size should be about 5kb-10kb. To create that 

vector, a modified gateway destination vector pUC19-35S-RfA-35S-sGFP was selected by 

screening previous papers (Li et al., 2012). Each of the full size cDNAs of PtrVND6-A1, 

PtrVND6-A2, PtrVND6-B1, PtrVND6-B2, PtrVND6-C1, PtrVND6-C2, PtrVND6-A1IR, 

PtrVND6-A2 IR, and PtrVND6-C1 IR  was amplified by VND6-A1 F/R, VND6-A2 F/R, 

VND6-B1 F/R, VND6-B2 F/R, VND6-C1 F/R, VND6-C2 F/R, PtrVND6-A1F/-A1IR R, 

PtrVND6-A2F/ -A2 IR R, and PtrVND6-C1F/ C1 IR-R  (Table 3) and cloned in pENTR/D-

TOPO vectors. Then these vectors were used for LR recombination to replace the RfA in 

pUC19-35S-RfA-35S-sGFP. With this reaction, the vectors used for overexpression and 
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effectors are generated as pUC19-35S-PtrVND6-A1-35S-sGFP, pUC19-35S-PtrVND6-A2-

35S-sGFP, pUC19-35S-PtrVND6-B1-35S-sGFP, pUC19-35S-PtrVND6-B2-35S-sGFP, 

pUC19-35S-PtrVND6-C1-35S-sGFP, pUC19-35S-PtrVND6-C2-35S-sGFP and pUC19-35S- 

PtrVND6-C1 IR -35S-sGFP.  

 

Then, the plasmid DNAs of these expression vectors (used as effectors, reporters, and 

overexpressors) were prepared using the CsCl density gradient ultracentrifugation (Sambrook 

et al., 1989). These constructs were transferred into E. coli TOP10 (Invitrogen). The 

transformed TOP10s were subculture in 250mL TB until the OD of the bacterial 

concentration reach 1-1.2. For the plasmid extraction for each expression vector, 250mL of 

cell culture was collected and suspended in 20 mL of Buffer I (25mM Tris-Cl, 10mM EDTA) 

by vortexing. Cells were disrupted by 40mL of Buffer II (NaOH 0.2N, 1% SDS) and then 

hold for 5 -10 mins in room temperature . After the solution became clear, 15mL Buffer III 

(Potassium acetate 2.547M, 99% glacial acetic acid) was mixed by inverting the bottle 

several times. The solution was centrifuged at 10,000 × g for 20 min at 4 °C. The supernatant 

was mixed with 45mL isopropanol and held at room temperature for 10 min with gentle 

shaking. The mixture was centrifuged at 12000g for 10min. The pellet were gently rinsed 

with 20mL 95% EtOH and dried to moist condition. The pellets were dissolved with 3.6mL 

10 mM EDTA and adding 4.85g CsCl to generate the solution. Then the EtBr was added in 

solution to reach the concentration 10mg/mL and  the solution were transfered to a quick seal 

tube. The sealed tube was ultracentrifuged at 110000rpm for 12 hours in a fixed angle rotor 
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(Beckman TLA110). After the ultracentrifugation, pull the DNA solution layer that showed 

red band with a 3mL syringe and a 20 gauge needle.  The DNA solution were mixed with 

equal volume of water, and extracted with 3mL n-butanol several time until all the pink color 

disappears from both the aqueous and organic phase. The lower, aqueous phase was 

transferred to an Amicon Ultra centrifugal filter (Ultra-15, MWCO 10kDa) and was desalted 

with 10mL water 10 times. All these plasmid solution were concentrated in 300µl and the 

concentration of the solution was quantified by Nanodrop 2000 (Thermo Scientific). 

 

SDX protoplast isolation and transformation 

To isolate SDX protoplasts, cellulolytic enzyme solutions and buffers from the TEAMP 

system were modified. In the modified protocol, the mannitol concentration was adjusted to 

0.5 M in the enzyme digestion solution and the MMG solution (4 mM MES, pH 5.7, 0.5 M 

mannitol, and 15 mM MgCl2), whereas 0.1 M glucose was added in the W5 solution (2 mM 

MES, pH 5.7, 125 mM CaCl2, 154 mM NaCl, 0.1 M glucose, and 5 mM KCl). SDX cell 

walls were digested (20 mM MES (pH5.7),0.5 M mannitol, 20 mM KCl, 1.5% (wt/vol) 

cellulase R-10 (Yakult), 0.4% Macerozyme R-10 (Yakult), 10 mM CaCl2, and 0.1% (vol/vol) 

BSA) in the debarked stem segments (9~11 cm) that were submerged into the freshly 

prepared enzyme solution for 1~2 h in the 50mL Falcon tube. The SDX protoplast were 

released with gentle shaking for 1~3 min in W5 solution. The released protoplasts were 

collected by centrifugation at 200g for 2 min after filtering through a 75 μm nylon mesh. The 

protoplast pellet was resuspended by gentle swirling in 15mL W5 solution and then chilled 
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on ice for 30min. The protoplasts were centrifuged again to form pellet and then were 

suspended with 2mL MMG solution. Using a hemocytometer under the microscope to count 

the cell number, the concentration of protoplasts was adjusted to 2 × 105 cells per mL for 

further transformation. Plasmid DNA constructed for overexpression analysis was prepared 

using the CsCl density gradient ultracentrifugation method (Sambrook et al., 1989). One 

hundred microliter plasmid DNA (100 μg), 1 mL protoplasts (2 × 105 cells), and 1.1 mL 

freshly prepared PEG solution (20% PEG4000, 0.2M mannitol, and 100mM CaCl2) were 

mixed in a 15 mL centrifuge tube and held at room temperature for 10 min, followed by the 

addition of 5 mL W5 solution to stop the transfection. Transfected protoplasts were collected 

by centrifugation at 200 × g for 3 min. The protoplast pellet was resuspended in 10 mL 

freshly prepared WI solution (4 mM Mes, pH 5.7, 0.5 M mannitol, 20 mM KCl), and the 

protoplast solution was transferred into a Petri dish (100 mm2 × 15m) coated with 5% FBS 

(Fetal bovine serum), and held at room temperature in the dark. 12h after introduction of the 

expression gene constructs by PEG transfection, the transfected protoplasts were lysed for 

RNA extraction.  

 

Arabidopsis mesophyll protoplast preparation and 

transformation 

The optimal true leaves (fifth, sixth, and seventh) from healthy 4-week-old Arabidopsis 

plants were collected for isolating the mesophyll protoplasts. The middle part of the leaves 

was cutted into 0.5-1mm leaf strips using a fresh sharp razor blade. To dip both side of the 
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strips into the prepared enzyme solution (20 mM MES (pH5.7), 0.5 M mannitol, 20 mM KCl, 

1.5% (wt/vol) cellulase R-10 (Yakult), 0.4% Macerozyme R-10 (Yakult), 10 mM CaCl2, and 

0.1% (vol/vol) BSA), leaf strips were transferred quickly and gently using a pair of flat-tip 

forceps. A desiccator was used to vacuum infiltrate leaf strips for 30 min in the dark.  The 

digestion was continued without shaking in the dark for at least 3h at room temperature. The 

solution was swirled gently to release the protoplast until the color of solution turns green, 

and the released protoplasts were observed in the solution under a microscope to make sure 

the health of protoplasts. Then the enzyme solution containing protoplasts was filtered using 

75µm nylon mesh to remove undigested leaf tissues. The filtrate was centrifuged at 200g for 

3min to pellet the protoplasts in 50mL round bottom tubes. The supernatant was removed as 

much as possible and the protoplasts were suspended at 2 × 105 cells per mL in W5 solution 

after counting cells under the microscope using hemocytometer. The solution was kept in ice 

for 30min while protoplasts were settled to bottom. The W5 supernatant was removed and 

the settled protoplasts were re-suspended at 2 x 105 mL-1 MMG solution (4 mM MES, pH 5.7, 

0.4 M mannitol, and 15 mM MgCl2) kept at room temperature for 10 mins. 

 

The isolated protoplasts were then used for the effector-reporter-based gene transactivation 

assay.  The composition of regulator effectors, and specific reporters were used at 1:1 in 

plasmid DNA. 10 µl plasmid DNA (10-20 µg plasmid DNA) was mixed gently with 100 µl 

protoplasts (2 x 104 protoplasts) in a 2mL microfuge tube. 110 µl PEG solution 

(20%PEG4000, 0.2M mannitol, and 100mM CaCl2) was mixed gently with the DNA-

protoplast mixture by tapping tube for starting the transfection.  The transfection mixture was 
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kept for up to 15 min and 450 µl W5 solution at room temperature was added to dilute the 

transfection mixture for stopping the transfection process. The tube was centrifuged at 200g 

at 2min at room temperature using a swing-bucket rotor for 2 min. The supernatant was 

removed and the protoplasts were re-suspended with 1mL WI solution (4 mM MES, pH 5.7, 

0.5 M mannitol, and 20 mM KCl) for incubating 12h at room temperature (20 - 26 °C).  

 

RNA isolation and real-time RT-PCR analysis of gene expression 

The transformed SDX protoplasts were collected at 12h by centrifugation at 500g for 3 mins. 

Total RNAs were isolated from the SDX protoplast pellet using a RNeasy plant RNA 

isolation kit (Qiagen) and treated with RNase-free DNase I (Qiagen) to remove the genomic 

DNA by using the RNase-free DNase Set (Qiagen) in extraction. The quality of the extracted 

RNA were examined by gel electrophoresis and UV spectrogram scanning. Total RNA (80 

ng) was reverse transcribed, by using TagMan reverse transcription reagents (Applied 

Biosystems, Roche). Real-time PCR was conducted with an Applied Biosystems 7900HT 

Sequence Detection System. For each reaction, a 25-μL mixture contained the first strand 

cDNA (equivalent to 1- 5 ng of total RNA), 5 pmol each of the forward and reverse primers 

of PtrMYB021, SND1s, and VNDs (Table 3), and 12.5 μL 2 × SYBR green PCR master mix. 

The amplification program was as follows: 95  for 10 min, then 45 cycles of 95  for 15 

sec and 60  for 1 min, after which a thermal denaturing cycle was added, to determine the 

dissociation curve of the PCR products for checking the amplification specificity. A formula 

for absolute quantification of the transcript copy numbers per unit mass of total RNA was 
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derived, similar to previous publication from our lab (Shi et al., 2010). For relative 

quantification, each reaction was repeated at least three times and the transcript level was 

normalized to that of 18S rRNA. Such normalized values allowed the comparison of the 

expression levels of different genes and are calculated as the described Schmittgen et al., 

(2008). 

 

A Promoter-GUS assay for transformed Arabidopsis mesophyll protoplast 

The incubated protoplasts were collected by 300g centrifugation for 3min. The protoplast 

pellets were frozen after supernatants was removed and then was vortexed 3 times with 

130µl lysis buffer (1M Tris-phosphate pH =7.8, 1M DTT, 100nM DACTAA (trans-1,2-

Diaminocyclohexane-N,N,N’,N’ –tetra acetic acid monohydrate), 50% (v/v) glycerol, and 20% 

(v/v) Triton X-100). The lysed solution was chilled on ice for 5min, and then centrifuged at 

1000g for 2 min. 10µl lysate from the supernatant was mixed with 100µl MUG substrate 

(10mM Tris-HCl (pH = 8), 1mM 4-methylumbelliferyl glucuronide (MUG; Gold 

technology), and 2mM MgCl2), and then incubate for 2h at 37°C. 0.9mL of 0.2M Na2CO3 

was added to stop the reaction and the fluorescence of MU (4-methylumbelliferyl) in solution 

was measured in a fluorometer. The MU fluorescence of untransformed protoplasts that 

incubate for 12h was set as control. 
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EMSA (Electrophoretic Mobility Shift Assay) 

To identify the putative Secondary Wall NAC Binding Element (SNBE) motifs in the 2-kb 

promoter of PtrMYB021, PtrVND6-A1, PtrVND6-A2, PtrVND6-B1, PtrVND6-B2, PtrVND6-

C1, and PtrVND6-C2,   The motif prediction tool Multiple Em for Motif Elicitation 

(MEME; http://meme.sdsc.edu/meme/cgi-bin/meme.cgi) was used to analyze the SNBE 

sequence in our PtrVND6s (Zhong et al., 2010) . Promoter fragments, harboring the putative 

SNBE motif, were amplified by using primers 021EMSA-F/-R, A1EMSA-F/A1EMSA-R, 

A2EMSA-F/-R, B1EMSA-F/-R, B2EMSA-F/-R, C1EMSA-F/-R, and C2EMSA –F/-R from 

PtrMYB021, PtrVND6-A1, PtrVND6-A2, PtrVND6-B1, PtrVND6-B2, PtrVND6-C1, and 

PtrVND6-C2 promoters, respectively (Table 3). The PCR products were gel-extracted 

following the silicon based protocol (Li et al., 2010).  These fragments were biotin-labeled at 

the 3′ end (Biotin 3′ End DNA labeling kit; Thermo Scientific).The lightshift® 

Chemiluminescent EMSA kit was used to perform further analyses (Thermo Scientific). The 

biotin-labeled DNA fragments were mixed with 100 ng of each purified NAC domain protein 

of the four full-size PtrSND1s or the full-length PtrSND1-A2IR for 20 min in the binding 

buffer (10 mM Tris, pH 7.5, 50 mM KCl, 1 mM DTT, 2.5% (vol/vol) glycerol, 5 mM MgCl2, 

0.05% Nonidet P-40, and 100 ng/uL poly (dI-dC)) at room temperature. Unlabeled promoter 

fragments in 20-fold to 100-fold molar excess relative to the labeled probes were used in the 

competition assays. Protein-DNA mixtures were run on a 6% (wt/vol) native PAGE at 100 V, 

4 °C for 2–3 h. The DNA was transferred to a nylon membrane (Amersham Hybond-N+) at 

100 V, 0.38 A, 40 min, and crosslink 60 seconds at 120mJ/cm2 using a commercial UV-light 

crosslinking instrument equipped with 254nm bulbs (Cole-Parmer). The DNA on the nylon 
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membrane was washed and detected by chemiluminescence nucleic acid detection module 

(Thermo Scientific). 
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Table 3 - Primers used for vector construction and EMSA probes cloning 
 
Primer for constructing effector and reporter 
VND6-A1F CACCTGGATTGCAGGACTCAAGGC  
VND6-A1R GCCATGAATCATAGATTTTGGCTGG  
VND6-A2F CACCGGAGTATGCTGAATGGATTTCAGG  
VND6-A2R AACTGGATATCATCATTTCCATAGATCA  
VND6-B1F CACCGCTGCATTTCAGTTCTTGGAGGAG  
VND6-B1R TAAGCCTTCACTTCCACAGATCA  
VND6-B2F CACCAATCTTCAGTTCTTGGAGGAGATG  
VND6-B2R GCGTTCACTTCCATAGATCAATTTGG  
VND6-C1F CACCTATGCAGCATCATCAACGGTTGT  
VND6-C1R TCCCCAGATTCATTTCTCAAATATGC  
VND6-C2F CACCGGTGGTGGTGAATTTTATGCAGC  
VND6-C2R CCTCTTCAAACCCCTCTCTTCAT  

VND6-C1IRR CTAGGTCAATATGTAGAGCCTGTTC  
Primer for cloning 
promoters  

MYB021prom-F TGCTAAGCTTCCCCACTTAATTGATGTTTGGC  
A1prom-F ACTGCAGCCAATTCTATGGCCACACCT  
A2prom-F ACCCGGTCACTTTTGTTGTCTTGTTTTCTTG  
B1prom-F ACTGCAGCTAGATTGGCTCGGCTTGAA  
B2prom-F ACTGCAGAAAAGATGGCTTTGACTTGATGA  
C1prom-F GCATGCTTTATTTTTTAATATATTGAAG  
C2prom-F GCATGCAAATATTAAAATTTTTAATATAA  
MYB021prom-R TCGAGGATCCTAGAAAGGTGATCTATATCTC  
A1prom-R ATCTAGAGCGCGTGTGCATATGTTAAG  
A2prom-R ATCTAGATGCGTACGTCTTGAGTCCTG 
B1prom-R ATCTAGACTCCCCGTTAGATCTCGTTG  
B2prom-R ATCTAGACCCATATGTAAGTAAAAGGATGCAG  
C1prom-R TCTAGAGGCAGAAACTGACCCTCTTTCCT  
C2prom-R TCTAGAGGCAGAAACTGACCCTCTTACTT  
Primer for qRT-PCR  
MYB021-rR  GGCCTCAAGTAATTAATCCAACGAAGC  
SND1-A1-rF  TAGGCTTGATGACAGCACCCATGAA  
SND1-A1-rR  TCTAAATACCCGGCAAACCACCCAA  
SND1-A2-rF  TCCGGGCAACTTAACGATTGGGTA  
SND1-A2-rR  GCATTTGGGCCGGTAGTAAAGCA  
SND1-B1-rF  AACTGGGCAACCCTTGATCGTCTA  
SND1-B1-rR  GTAATGGTTGGGTCAATGCAGGGT 
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Table 3 – Continued 
 

SND1-B2-rF 
SND1-B2-rR  

AGACTCTGGCCTTAACAACTGGGT 
AGCACGCTGATTGCCTAGAGGTTT 

 

 
VND6A1-rF GGCCTAGACATAAACCAGACAAGCACTT  
VND6A1-rF  GACTTGATCAACTGCTTGCTCATGATTGC  
VND6A2-rF  CAAATAGAGCCACTGCTGCTGGG  
VND6A2-rR  AGGTCTTCCTCATTCCGATCAAGTCT  
VND6B1-rF  TCATGCAGCTGAGCAGATGCAT  
VND6B1-rR  ACTGGAAGTCGACGTTGAGGCATATTC  
VND6B2-rF  GCGAGTCCTTGACAAATTTGTTGCTTCC  
VND6B2-rR  TGCATTAAAGGTGGCTGTACTGGAGA  
VND6C1-rF TCCTCAGTTAGAGAGCCCATCCCT  
VND6C1-rR  TCTGGGTGTTGTTGTTGGACAACATTCT  
VND6C2-rF  TGGTGATGGTGTTTCAAGCTTTGTTGAG  
VND6C2-rR  ACTTGTTCCCGTCATCTCTACCACTTTG  
MYB021-rF GGACAAGGTTGCTGGAGTGATGTG  
18S-rF  CGAAGACGATCAGATACCGTCCTA  
18s-rR  TTTCTCATAAGGTGCTGGCGGAGT  

SND1-A2IR-rF GATTTCTTCTATGTTCGGTTCTAGGC  

SND1-A2IR-rR CAAACCACCCACCCTTCTTCA  

VND6-C1IR-rF TTCACTGTGATGTTCTCTGGAAA  

VND6-C1IR-rR GCCCATACCAGAAAGAGAA  
EMSA primer  

021EMSA-F CACCAATTATGTGGTCCATTGAEMSA  
021EMSA-R GGAGTTTGTTTCATAACTAAGCC  
6A1EMSA-F TGTCCATAATTCTGCGTCACA  
6A1EMSA-R TTGCAGTAAGGCGAACAAAA  
6A2EMSA-F TTCCTGATCTCTCATTCGATCA  
6A2EMSA-R ACGATCGAGTAGTTCCAAGCA  
6B1EMSA-F CAGCTTTAATAAGATTTCTTTAAACG  
6B1EMSA-R GGACATGGTGACATTGATG  
6B2EMSA-F ATCATGCATGCTTTGGAATG  
6B2EMSA-R AGGATGCATCAAGAGAAGGG  
6C1EMSA-F GATAACCTCTCCCTATCCGTC  
6C1EMSA-R TGGCATCAATCAGAAGAGGA  
6C2EMSA-F GTATCTATCAAGACAAAACAAG  
6C2EMSA-R GATAATTCTTTAATAACTAG 
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3.3. Results and Discussion 

3.3.1. Inhibitory role of PtrVND6-C1IR in regulating master 

secondary cell wall transcription factor PtrMYB021 

3.3.1.1  Transcriptional activities of PtrVND6s and PtrVND6-

C1IR towards the PtrMYB021 

In Arabidopsis, AtMYB46 can be directly activated by AtVND6 (Zhong et al., 2008).  

AtMYB46 can activate many genes involved in the biosynthesis of lignin, cellulose, and 

hemicelluloses (Ko et al., 2009), and P. trichocarpa PtrMYB021, the ortholog of Arabidopsis 

AtMYB46, also can activate secondary cell wall biosynthesis related genes (Zhong et al., 

2011). The transcriptional activities of PtrVND6s and PtrVND6-C1IR towards the 

PtrMYB021 were tested. Each of the PtrVND6 members (PtrVND6-A1, PtrVND6-A2, 

PtrVND6-B1, PtrVND6-B2, PtrVND6-C1, PtrVND6-C2, and PtrVND6-C1IR) were 

overexpressed in P. trichocarpa SDX protoplasts. The transcript abundance of PtrMYB021 

was analyzed in the transfected protoplasts.  All six full-size PtrVND6s could induce a two to 

five fold increase in the abundance of endogenous PtrMYB021 transcripts in SDX protoplasts 

(Figure 9b). In contrast, overexpression of PtrVND6-C1IR significantly reduced the 

PtrMYB021 transcript level (Figure 9b).  The results show that all full-size PtrVND6s are 

activators for PtrMYB021, while PtrVND6-C1IR is an inhibitor of PtrMYB021.  
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To further investigate whether PtrVND6-C1IR is either negative regulator or positive 

regulator, effector–reporter-based gene transactivation assays was performed using each of 

PtrVND6s or PtrVND6-C1IR as an effector and using the PtrMYB021 promoter driven GUS 

as a reporter (Figure 10). Each of the PtrVND6s was found to activate the expression of 

PtrMYB021, indicated by induced GUS activities. However, GUS activities were not 

significantly decrease in the protoplasts transformed with PtrVND6-C1IR. The assays show 

that PtrVND6-C1IR could not activate or repress the expression of PtrMYB021, suggesting 

that PtrVND6-C1IR serves as the negative regulator rather than positive regulator. It is 

consistent with the protein structure of PtrVND6-C1IR lacking a trans-activation domain and 

confirms the observed PtrVND6-C1IR –mediated attenuation of PtrMYB021 expression. 
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Figure 9. Relative expression level of PtrMYB021 in protoplast that overexpressing all 
PtrVND6s and PtrVND6-C1IR. a. Schematic diagrams of the effector plasmids that were 
transformed into SDX protoplast. b. The relative expression level was normalized to the 
PtrMYB021 transcript abundance of SDX protoplasts that expressing the modified PUC19 
vector (35s- NOS-35s-eGFP). Error bars indicate standard error (SE).  
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Figure 10. Effector–reporter-based gene assays for PtrVND6s activity. a. The 4-week-
old Arabidopsis thaliana Col.  b. Arabidopsis protoplast extracted from leaves. c. Schematic 
diagrams of the effector and reporter plasmids that were transformed into leaf protoplast. d. 
Effector–reporter-based gene transactivation assays in Arabidopsis leaf protoplasts. The 
activity of GUS in each sample was showed as relative value when compared to control. 
Error bars indicate standard error. 
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3.3.1.2    DNA binding ability of PtrVND6s and PtrVND6-C1IR on 

PtrMYB021 promoter  

Based on the above experiments of overexpression of PtrVND6s and PtrVND6-C1IR in 

protoplasts and the effector-reporter assays, full-size PtrVND6s serve as activators for 

PtrMYB021, while PtrVND6-C1IR functions as a negative regulator. To determine whether 

the function of PtrVND6s and PtrVND6-C1IR on PtrMYB021 is a result of direct binding of 

PtrVND6s and PtrVND6-C1IR to the PtrMYB021 promoter, EMSA experiments were 

performed using E. coli expressed NAC domains of PtrVND6s and full-size PtrVND6-C1IR, 

and using biotin-labeled PtrMYB021 promoter probes. Retardation of DNA probe mobility 

and probe competition demonstrated that each of the six full-size PtrVND6s can directly bind 

to conserved motifs in the PtrMYB021 promoter (Figure 11). The results suggest that 

PtrVND6s can directly bind to the promoter of PtrMYB021, linking the PtrVND6s with 

secondary cell wall biosynthesis genes via PtrMYB021. However, PtrVND6-C1IR did not 

bind to the PtrMYB021 promoter in the same conserved motifs. It suggests the PtrVND6-

C1IR has no DNA binding ability, and the reason for the loss of DNA binding activities may 

be the loss of the β6 subdomain in the NAC domain of PtrVND6-C1IR. Similarly, the 

PtrSND1-A2IR that has no β6 subdomain also can not bind to the promoter of PtrMYB021, 

suggesting that the β6 subdomain plays an important role in DNA binding (Li et al., 2012). 

   

Transactivation and EMSA results revealed that the splice variant PtrVND6-C1IR negatively 

regulates PtrMYB021 gene expression through a mechanism that is independent of an 
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activation domain and independent of direct DNA binding activity on the PtrMYB021 

promoter (Figure 11). The mechanism that the PtrVND6-C1IR inhibits the downstream genes 

needs to be elucidated. Based on the results, PtrVND6-C1IR may negatively regulate 

PtrMYB021 via repressing the expression of activators of PtrMYB021 or by interacting with 

the activators of PtrMYB021. 
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Figure 11.  EMSA showed that the binding ability of PtrVND6s to PtrMYB21 promoter  
a. The labeling of PtrMYB021 promoter-biotin probe. Based on the result, the concentration 
diluted into 80x and 30s exposure time were used in following experiments. b. Commassie 
blue stain of PtrVND6s recombinant proteins used in following experiments. c, EMSA shows 
that full size PtrVND6s can bind to the promoter of PtrMYB021, and the PtrVND6-C1IR 
can’t. The arrow shows the shifted complex. 
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3.3.2. PtrVND6-C1IR inhibit the expression of PtrVND6 gene 

members and PtrSND1 gene members  

3.3.2.1 Bioinformatic and literature based expression analysis 

identified the activators of PtrMYB021 and showed that the 

activators of PtrMYB021 can be co-expressed with PtrVND6-

C1IR                            

To investigate whether PtrVND6-C1IR inhibits PtrMYB021 expression through the activators 

of PtrMYB021, the activators of PtrMYB021 were isolated. PtrSND1 family members have 

been identified as the activators for PtrMYB021 (Zhong et al., 2011; Ohtani et al., 2011; Li et 

al., 2012). Previous work and this research also found that full-size PtrVND6 family 

members can activate the expression of PtrMYB021 (Ohtani et al., 2011).  Analysis of co-

expression of these activators of PtrMYB021 and PtrVND6-C1IR in developing xylem could 

demonstrate whether PtrVND6-C1IR affects the expression of these activators in the same 

cell.  

 

Global gene expression analysis using microarrays and RNA-seq have greatly expanded our 

understanding of gene expression profiles in P .trichocarpa differentiating xylem 

(Dharmawardhana et al., 2010; Ko et al., 2012; Bao et al., 2013).  With the whole-

transcriptome analysis of specific tissues, the differentiating xylem-specific transcriptome 

has been generated (Ko et al., 2012). Members of PtrSND1 and PtrVND6 families have been 
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analyzed in expression  in P.trichocarpa differentiating xylem. Expression of PtrSND1s and 

PtrVND6s increases in the stem where the transition from primary to secondary occurs in 

P .trichocarpa (Dharmawardhana et al., 2010), suggesting that these activators of 

PtrMYB021 are involved in wood formation. RNA-seq of 18 different trees of the single 

P.trichocarpa genotype collected from different place verified that these PtrSND1s and 

PtrVND6s are constantly expressed in developing xylem (Bao et al., 2013). Some of 

PtrSND1s and PtrVND6s have been further studied using in situ RNA hybridization and 

promoter-GUS assays. In primary xylem, PtrVND6s specifically expressed in vessel cells 

while the PtrSND1s specifically expressed in fiber cells. In secondary xylem, PtrVND6s and 

PtrSND1s had a similar expression pattern in both vessel and fiber cells (Ohtani et al., 2011), 

suggesting that PtrSND1s and PtrVND6s, activators of PtrMYB021, function together in 

secondary xylem. 

 

3.3.2.2 Function of PtrVND6-C1IR on inhibiting the expression of 

PtrVND6s and PtrSND1s 

The regulation of PtrVND6-C1IR on PtrVND6s and PtrSND1s was investigated. To test 

whether PtrVND6-C1IR affects the expression of the six full-size PtrVND6s and four full-size 

PtrSND1s, expression of these PtrVND6s and PtrSND1s were measured in the PtrVND6-

C1IR overexpression plants. Overexpression of PtrVND6-C1IR in P. trichocarpa SDX 

protoplasts significantly reduced transcript abundance of five PtrVND6 gene members 

(PtrVND-A1,-A2,-B1,-B2,-C2) at 2-4 fold, but has no significantly impact on the expression 
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of PtrVND6-C1 (Figure 12). In contrast, the transcript abundance of four PtrSND1 gene 

members decreased not as significant as the PtrVND6s. PtrVND6-C1IR may reduce the 

transcript abundance of PtrMYB021 via inhibiting the expression of the activators of 

PtrMYB021. But the mechanism that PtrVND6-C1IR inhibits PtrVND6s and PtrSND1s is still 

unknown. Based on the protein structure of PtrVND6-C1IR, it has the intact dimerization 

domain but no activation domain.  Therefore, PtrVND6-C1IR may form non-functional 

heterodimers with full-size PtrSND1s and PtrVND6s, leading to attenuate the expression of 

PtrSND1s, PtrVND6s, and their downstream target gene PtrMYB021. Additionally, previous 

researches (Li et al., 2012b) showed that overexpression of PtrSND1-A2IR in P.trichocarpa 

SDX protoplasts resulted in drastically reduced transcript abundance of the endogenous 

PtrSND1-A1, -B1, and -B2. The results suggest that the inhibitory function of PtrVND6-C1IR 

and PtrSND1-A2IR could have a similar mechanism to regulate the target genes.  
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Figure 12. Relative expression levels of PtrSND1s and PtrVND6s in protoplast that 
overexpressing PtrVND6-C1IR. a. Schematic diagrams of the effector plasmids that were 
transformed into SDX protoplast. b. Relative expression level was normalized to each of the 
transcript abundance of PtrSND1s and PtrVND6s in SDX protoplasts that expressing the 
modified PUC19 vectors (35s- NACs-NOS-35s-eGFP). Error bars indicate SD.  

a. 

b. 

c. 
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3.4. Conclusions 

Here we reported that all full-size PtrVND6s are activators or PtrMYB021, while PtrVND6-

C1IR is an inhibitor of PtrMYB021. EMSA showed that PtrVND6s can directly bind to the 

promoter of PtrMYB021 and it links PtrVND6s with secondary cell wall biosynthesis genes 

via the PtrMYB021. To test our hypothesis that PtrVND6-C1IR may exhibit the negative 

regulation on the expression of PtrMYB021 via inhibiting the expression of activators of 

PtrMYB021 or interacting with the activators of PtrMYB021, we analyzed the function of 

PtrVND6-C1IR on inhibiting the expression of PtrVND6s and PtrSND1s, which are activators 

of PtrMYB021. Overexpression of PtrVND6-C1IR in P.trichocarpa SDX protoplasts 

significantly reduced transcript abundance of PtrVND6s and PtrSND1s. These results suggest 

that PtrVND6-C1IR –mediated attenuation of PtrSND1s, PtrVND6s, and PtrMYB021 gene 

expression follows a similar mechanism. Therefore, further studies will be focused on the 

interactions between PtrVND6-C1IR and PtrSND1s, and between PtrVND6-C1IR and 

PtrVND6s.  
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CHAPTER 4 

Analyzing the inhibition mechanism of VND6-C1IR by using P. 

trichocarpa SDX Protoplasts 

4.1. Introduction 

Vascular Related NAC Domain (VNDs) Transcription Factors are the transcription switches 

for plant metaxylem and protoxylem vessel formation and regulate secondary cell wall 

growth (Kubo et al., 2005; Yamaguchi et al., 2008). In Arabidopsis, the synthetic truncated 

protein VND71-161 not only failed to induce any transdifferentiated cells but also resulted in 

discontinuous formation of protoxylem (Yamaguchi et al., 2008), suggesting that the 

truncated VND7 containing only the NAC domain is  the inhibitor for xylem development. 

Alternative splicing from one single transcription factor gene produces multiple proteins 

including truncated proteins. PtrVND6-C1IR, a truncated protein that lacks an activation 

domain and β6 sub-domain, was translated from a natural alternative spliced transcript in P. 

trichocarpa. 

 

Based on transient transcriptional perturbation in P. trichocarpa stem-differentiating xylem 

(SDX) protoplasts, transactivation in Arabidopsis leaf protoplasts and electrophoretic 

mobility shift assays, PtrVND6-C1IR negatively inhibited the expression of PtrMYB021.  

PtrSND1s and PtrVND6s were activators of PtrMYB021. PtrVND6-C1IR also inhibits on 

PtrSND1s and PtrVND6s, suggesting that the PtrVND6-C1IR –mediated attenuation of 

PtrSND1s, PtrVND6s, and PtrMYB021 gene expression follows a similar mechanism.  
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To elucidate the mechanism, the interactions between the activators of PtrMYB021 and 

PtrVND6-C1IR were analyzed. PtrVND6-C1IR protein was not found in the nucleus but in the 

cytoplasmic foci. PtrVND6s were located in the nucleus, and PtrSND1s had been reported to 

be in nucleus (Li et al., 2012). The results clearly showed that PtrVND6-C1IR and the 

activators of PtrMYB021 displayed different subcellular locations. Co-localization was used 

to examine the interactions between PtrVND6-C1IR and PtrSND1s, PtrVND6s, because 

PtrSND1s and PtrVND6s may form heterodimers with\ PtrVND6-C1IR that enable them to be 

at the same subcellular location. 

 

Subcellular co-localization experiments show that PtrSND1s and PtrVND6s could 

translocate PtrVND6-C1IR from cytoplasmic foci to the nucleus, suggesting the formation of 

heterodimers between PtrVND6-C1IR and the activators of PtrMYB021. To analyze whether 

PtrVND6-C1IR  inhibit other developing xylem-expressed NAC transcription factors by 

forming heterodimers, each of the developing xylem-expressed NAC transcription factors 

PtrSND2/3s, PtrSND1-L1s, PtrXND1, and PtrANAC1 were co-transfected with PtrVND6-

C1IR. PtrVND6-C1IR could be translocated into nucleus by each member, indicating that 

SND2/3s, SND1-L1s, XND1, and ANAC1 also form non-functional heterodimers with 

PtrVND6-C1IR. These findings suggest that PtrVND6-C1IR –mediated attenuation 

mechanism can apply for all developing xylem expressed NACs. 
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4.2. Materials and Methods 

Plant materials and growth conditions 

Clonal propagules of P. trichocarpa (Nisqually-1) were cultured and maintained in the 

greenhouse (Song et al., 2006). The temperature varies from 15 -28  and long photoperiod 

is 16 h light/8 h dark. The trees were grown in a soil mix consisting 1:1 potting mix to peat 

moss. Healthy 6 to 9 month-old plants were used to collect SDX tissue for the isolation of 

SDX protoplasts. 

 

Vector construction for subcellular localization  

Constructs for full length NACs (PtrVND6s, PtrSND1s, PtrSND2/3s, PtrSND-1Ls, PtrXND1, 

and PtrANAC1) and GFP fusion protein were prepared to examine subcellular localization of 

each of these NAC members. The coding regions of these full-length NACs, PtrSND1-A2IR, 

and PtrVND6-C1IR were amplified using primer pair sets for each gene, respectively, with a 

BamHI restriction site included in the forward primers and a XhoI restriction site in the 

reverse primers. After being cloned into pGEMT easy vectors and sequenced, the coding 

regions were further enzyme digested to generate the fragments. These fragments then were 

ligated into pUC19-35S-sGFP (Chen et al., 2011), giving pUC19-35S-PtrSND1-A1:sGFP, 

pUC19-35S-PtrSND1-A2:sGFP, pUC19-35S-PtrSND1-B1:sGFP, pUC19-35S-PtrSND1-

B2:sGFP, and pUC19-35SPtrSND1-A2IR:sGFP, giving PUC19-SND2/3L1:sGFP, PUC19-

SND2/3L2:sGFP, PUC19-SND2/3A1:sGFP,  PUC19-SND2/3A2:GFP, PUC19-
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SND2/3B1:sGFP, PUC19-SND2/3B2:sGFP, pUC19-35S-PtrVND6-A1:sGFP, pUC19-35S-

PtrVND6-A2:sGFP, pUC19-35S-PtrVND6-B1:sGFP, pUC19-35S-PtrVND6-B2:sGFP, 

pUC19-35S-PtrVND6-C1:sGFP, pUC19-35S-PtrVND6-C2:sGFP, pUC19-35S-

PtrXND1:sGFP, pUC19-35S-PtrANAC1:sGFP, and pUC19-35S- PtrVND6-C1 IR :sGFP. 

Additionally, we also generated marker plasmids that used to mark the subcellular location of 

the expressed NAC proteins. The Arabidopsis histone H2A-1 gene (Tenea et al., 2009) was 

amplified from Arabidopsis leaf cDNAs with primers H2A-F and H2A-R (Table 3), and 

mCherry was amplified from CD3- 959 with primers Cherry-F and Cherry-R (Nelson et al., 

2007). Inserting the former fragment H2A-1 in pUC19-35S-sGFP at XbaI/XhoI sites 

generated pUC19-35S-H2A-1:sGFP. Then sGFP was replaced by mCherry at SalI/SacI sites 

to generate pUC19-35S-H2A-1:mCherry, respectively.  pUC19-35S-PtrSND1-A2IR: mCherry 

was provided from Quanzi Li (Li et al.,2012) and pUC19-35S-PtrVND6-C1IR:mCherry, was 

generated by replacing H2A-1 with PtrVND6-C1IR in pUC19-35S-H2A:mCherry.  

 

Plasmid preparation for the subcellular localization  

All plasmid DNAs of expression vectors used for subcellular localization were prepared 

using  CsCl density gradient ultracentrifugation (Sambrook et al., 1989). These constructs 

were transferred into E. coli TOP10 (Invitrogen). The transformed TOP10s were cultured in 

250mL TB until the OD (Optical density) of the bacterial reach 1-1.2. For the plasmid 

extraction for each expression vector, 250mL cell culture was collected and suspended in 20 

mL of Buffer I (25mM Tris-Cl, 10mM EDTA) by vortex. Cells were disrupted by adding 40 
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mL Buffer II (NaOH 0.2N, 1% SDS) and then holding the lysates in room temperature for 5 -

10 mins.  After the solution became clear, 15 mL Buffer III (Potassium acetate 2.547M, 99% 

glacial acetic acid) was mixed in by inverting the bottle gently several times. The solution 

was centrifuged at 10,000 × g for 20 min at 4 °C. The supernatant was mixed with 45mL 

isopropanol held at room temperature for 10 min with gentle shaking. Then the mixture was 

centrifuge at 12000g for 10min. The pellet were gently rinsed with 20mL 95% EtOH and 

dried to moist condition. The 3.6mL 10 mM EDTA was used to dissolve the pellet and then 

4.85g CsCl was added to generate the solution. By mixing the EtBr with solution to reach the 

concentration 10mg/mL, the solution was transferred to a tube. The tube was sealed and 

ultra-centrifuged the tube at 110000rpm for 12 hours in a fixed angle rotor (Beckman 

TLA110). After the ultracentrifugation, the solution layer that showed red band was pulled 

with a 3mL syringe and a 20 gauge needle.  The pulled solution were added one volume of 

water, and rinsed with 3mL n-butanol each time until all the pink color disappears from both 

the aqueous and organic phase. The lower, aqueous phase was transferred to an Amicon Ultra 

centrifugal filter (Ultra-15, MWCO 10kDa) and was desalted with 10mL water for 10 times. 

The plasmid solutions were concentrated in 300µl and the concentration of the solution was 

quantified by Nanodrop 2000 (Thermo Scientific). 

 
SDX protoplast isolation and transformation 

To isolate SDX protoplasts, cellulolytic enzyme solutions and buffers from the TEAMP 

system were modified. In the modified protocol, the mannitol concentration was adjusted to 
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0.5 M in the enzyme digestion solution and the MMG solution (4 mM MES, pH 5.7, 0.5 M 

mannitol, and 15 mM MgCl2), whereas 0.1 M glucose was added in the W5 solution (2 mM 

MES, pH 5.7, 125 mM CaCl2, 154 mM NaCl, 0.1 M glucose, and 5 mM KCl). SDX cell 

walls were digested (20 mM MES (pH5.7),0.5 M mannitol, 20 mM KCl, 1.5% (wt/vol) 

cellulase R-10 (Yakult), 0.4% Macerozyme R-10 (Yakult), 10 mM CaCl2, and 0.1% (vol/vol) 

BSA) in the debarked stem segments (9~11 cm) that were submerged into the freshly 

prepared enzyme solution for 1~2 h in the 50mL Falcon tube. The SDX protoplast were 

released with gentle shaking for 1~3 min in W5 solution. The released protoplasts were 

collected by centrifugation at 200g for 2 min after filtering through a 75 μm nylon mesh. The 

protoplast pellet was resuspended by gentle swirling in 15mL W5 solution and then chilled 

on ice for 30min. The protoplasts were centrifuged again to form pellet and then were 

suspended with 2mL MMG solution. Using a hemocytometer under the microscope to count 

the cell number, the concentration of protoplasts was adjusted to 2 × 105 cells per mL for 

further transformation. Plasmid DNA constructed for overexpression analysis was prepared 

using the CsCl density gradient ultracentrifugation method (Sambrook et al., 1989). One 

hundred microliter plasmid DNA (100 μg), 1 mL protoplasts (2 × 105 cells), and 1.1 mL 

freshly prepared PEG solution (20% PEG4000, 0.2M mannitol, and 100mM CaCl2) were 

mixed in a 15 mL centrifuge tube and held at room temperature for 10 min, followed by the 

addition of 5 mL W5 solution to stop the transfection. Transfected protoplasts were collected 

by centrifugation at 200 × g for 3 min. The protoplast pellet was resuspended in 10 mL 

freshly prepared WI solution (4 mM Mes, pH 5.7, 0.5 M mannitol, 20 mM KCl), and the 

protoplast solution was transferred into a Petri dish (100 mm2 × 15m) coated with 5% FBS 
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(Fetal bovine serum), and held at room temperature in the dark. 12h after introduction of the 

expression gene constructs by PEG transfection, the transfected protoplasts were lysed for 

RNA extraction.  

 

Subcellular localization and preparation 
 

First, each of the pUC19-35S-NACs: sGFP vectors containing PtrVND6s, PtrSND1s, 

PtrSND2/3s, PtrSND-1Ls, PtrXND1, PtrANAC1, PtrSND1s would be transformed with 

pUC19-35S-H2A-1: mCherry to determine their subcellular location. Then, pUC19-35S-

PtrVND6-C1 IR: mCherry was co-transformed into SDX protoplasts with pUC19-35S-

PtrSND1-A2IR: GFP and pUC19-35S-H2A-1: mCherry, respectively. Third, each of the 

pUC19-35S-NACs: sGFP vectors containing PtrVND6s, PtrSND1s, PtrSND2/3s, PtrSND-

1Ls, PtrXND1, PtrANAC1, PtrSND1s were transformed with pUC19-35S-PtrVND6-C1 IR: 

mCherry to show the subcellular co-localization. The fluorescence was observed under a 

Zeiss LSM710 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. 
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Table 4 ‐ Primers used for vector construction for subcellular localization 

subSND1-L-1F AGGATCCGATTTAAGGGAGAATGATGGCAGG 

subSND1-L-1R ACTCGAGCTTGGAACGTCGCAACTCTACTTC  

subSND1-L-2F AGGATCCTCGATACTAGATTTAGGGAGAATGAT  

subSND1-L-2R ACTCGAGCTGCAACTCTACTTGGAAAATCTCAG  

subSND2/3-A1F AGGATCCTCCTTTGTGGGATGGGAATAAGATA  

subSND2/3-A1R ACTCGAGCTCACATCACTGCTTTCTCTGAAGC  

subSND2/3-A2F AGGATCCAAAAACGTGTATCCAGAGACAAGTT  

subSND2/3-A2R ACTCGAGCCCAAATGCTCTTTCTCTCATAGGATC  

subSND2/3-B1F AGGATCCTGTGGGCATAAGAGGAAACCTAAG  

subSND2/3-B1R ACTCGAGCTTCAAGGGATAAGAGAAGATCCATC  

subSND2/3-B2F AGGATCCGGGCATAAGAGGAAACCAAAGGA  

subSND2/3-B2R ACTCGAGCTTCAGGGGATAAAAGAAGATCCATC  

subSND2/3-L-1F AGGATCCGCTGTGTGATCGAAAACGAGCC  

subSND2/3-L-1R ACTCGAGCCTCTGGTCCTACCCATGATGATC  

subSND2/3-L-2F AGGATCCGCTTGGGAGAAAGAAGATACTTGTAC  

subSND2/3-L-2R ACTCGAGCCCTTCGGTTCTACCCATGATGATC  

sub VND6-A1F AGGATCCATGAATTCTTTTACACACGTTCCTC  

subVND6-A1R ACTCGAGCTTCCATAGATCAATTTGACAACTG  

subVND6-A2F AGGATCCATGAATACTTTTACACATGTTCCTC  

subVND6-A2R ACTCGAGTTTCCATAGATCAATTTGACAACT  

subVND6-B1F AGGATCCATGGTTGATATTGCTGCATTTCAGTT  

subVND6-B1R ACTCGAGCTTCCACAGATCAATTTGACAACT  

subVND6-B2F AGGATCCATGAATACCTTCTCGCATGTC  

subVND6-B2R ACTCGAGCTTCCATAGATCAATTTGGCAACT  

subVND6-C1F AGGATCCATGATGGAGTCAATGGAGTCGTGTGT  

subVND6-C1R ACTCGAGTTTCTCAAATATGCATATTCCGATA  

subVND6-C2R ATCTAGAATGGAGTCAATGGAGTCTTGTG  

subVND6-C2R ACTCGAGTTTTTCAAATATGCATATTCCAATATC  

subSND1-A1F AGCTGGATCCATGCCTGAAGATATGGTGAATCT  

subSND1-A1R TCTCGAGTACCGACAAGTGGCATAATGG  

subSND1-A2F AGCTGGATCCATGCCTGAGGATATGATGAATCT  

subSND1-A2R TCTCGAGTACCGATAAGTGGCATAATGGG  

subSND1-B1F TGGATCCATGACAGAAAACATGAGTATATCTGT  
subSND1-B1R TCTCGAGTGCACCTGTGTTTGACAACTG  
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Table 4 – Continued 

subVND6-C1IRR             CTAGGTCAATATGTAGAGCCTGTTC 
subANAC1-F                  CGGATCCATGGCTGCCAATCTTC  
subANAC1-R                   GCTCGAGATAATGATTCCATAAGTTGGGC  
subXND1-F                  CGGATCCATGGCTGCCAATCTTC  
subXND1-R                  GCTCGAGATTTGGCAAGCTTATTTCATCA  
Cherry-F                  CGACGTCGACATGGTGAGCAAGGGCGAGGA  
Cherry-R                  CGTCGAGCTCTTACTTGTACAGCTCGTCCATG 
H2A-F                              GACGTCTAGAATGGCTGGTCGTGGAAAAACTC 
H2A-R                              AGCTCTCGAGATCTTCCTGAGGCTTTGAAGCAC 
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4.3. Results and Discussion       

4.3.1. PtrSND1s and PtrVND6s, activators of PtrMYB021, 

translocated PtrVND6-C1IR from cytoplasmic foci to nucleus 

4.3.1.1 PtrVND6-C1IR is found in cytoplasmic foci and the six full-

Size PtrVND6s are located in the nucleus of P. trichocarpa SDX 

cells 

We firstly expressed fluorescent fusion proteins with PtrVND6-C1IR to reveal the subcellular 

location of PtrVND6-C1IR in P. trichocarpa SDX protoplasts. The plasmids of 35S-

PtrVND6-C1IR: sGFP and 35S-H2A-1:mCherry were co-transfected into protoplasts (Figure 

13). H2A was expressed as a nuclear marker.  PtrVND6-C1IR was located exclusively in 

small foci in the cytoplasm of the protoplasts but not in nucleus. Previous studies showed that 

PtrSND1-A2IR was also located in cytoplasm foci. To determine whether the PtrSND1-A2IR 

and PtrVND6-C1IR are co-localized, a plasmids mix of 35S-PtrVND6-C1IR: sGFP with 35S-

PtrSND1-A2IR: mCherry and 35S-PtrVND6-C1IR: mCherry with 35S-PtrSND1-A2IR: sGFP 

were co-transformed into protoplasts respectively, showing that PtrVND6-C1IR and 

PtrSND1-A2IR were co-localized in cytoplasm foci.  

 

Previously, the PtrSND1-A2IR was shown to locate with the marker of cytoplasmic 

processing body (P-body) (Xu et al., 2006; unpublished data). P-bodies usually play 

fundamental roles in general mRNA decay, nonsense-mediated mRNA decay, and 
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microRNA silencing (Kulkami et al., 2010). The subcellular locations of PtrVND6-C1IR and 

PtrSND1-A2IR in P-bodies suggest that the two splice variants may be related to the 

regulation of mRNA stability (Figure 13). But the prediction of RNA binding sites in amino 

acid sequence of PtrVND6-C1IR and PtrSND1-A2IR didn’t identify any RNA-binding 

sequences in these two splice variant proteins. Then we co-transfected the protoplasts with 

35S-PtrVND6s: sGFP and 35S-H2A-1: mCherry nuclear marker. Each of the six full-size 

PtrVND6s was co-localized with the nuclear marker (Figure 14a). Exclusive nuclear 

subcellular locations of these six PtrVND6s were observed for 90–95% of the transfected 

protoplasts examined, whereas PtrVND6s were found in both the nucleus and cytoplasmic in 

the remaining transformed protoplasts. A similar phenomenon also has been found for the 

protoplasts that were transformed with 35S-PtrSND1s: sGFP, showing that exclusive nuclear 

location of these four PtrSND1s for 85–95% of the transfected protoplasts (Li et al., 2012).   

 

The splice variant PtrVND6-C1IR had a different subcellular location from the full-size 

PtrSND1s and PtrVND6s. Based on the hypothesis that PtrVND6-C1IR interacts with 

PtrSND1s and PtrVND6s, there are two possible circumstances for the subcellular co-

localization of PtrVND6-C1IR and PtrSND1s, PtrVND6s: (1) PtrVND6-C1IR may retain these 

PtrSND1s and PtrVND6s in the cytoplasm through protein–protein interactions. (2) 

PtrVND6-C1IR can be translocated from cytoplasmic foci into nucleus by PtrSND1s and 

PtrVND6s. Subcellular co-localization may indicate the interactions between PtrVND6-C1IR 

and PtrSND1s, PtrVND6s.  
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Figure 13. Subcellular localization of PtrVND6-C1IR.  The results showed that the 
cytoplasmic loci location of PtrVND6-C1IR. H2A served as nucleus marker, and PtrSND1-
A2IR as the P-body marker. 
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4.3.1.2  Cytoplasmic VND6-C1IR was translocated into the 

nucleus by full-size PtrSND1s and PtrVND6s 

35S- PtrVND6-C1IR:mCherry fusion gene construct was co-transfected with each of the 35S-

PtrSND1:sGFP and 35S-PtrVND6s: sGFP constructs into P. trichocarpa SDX protoplasts 

for co-localization. In the transformed protoplasts, PtrVND6-C1IR was translocated from 

cytoplasmic foci to the nucleus, demonstrated by nuclear co-localization of PtrVND6-C1IR 

(mCherry) with each of the full size PtrSND1s and PtrVND6s (sGFP) (Figure 14 and Figure 

15). Such translocation of PtrVND6-C1IR can be observed for the co-transfected protoplasts. 

Co-transfection of SDX protoplasts with 35S- PtrVND6-C1IR: mCherry and 35S-PtrSND1-

A2IR:sGFP was used as control. sGFP and mCherry signals, both representing PtrVND6-C1IR, 

remained located in cytoplasmic foci (Figure 13). These results suggest that PtrVND6-C1IR 

can form heterodimers with each of full-size PtrSND1s and PtrVND6s in the nucleus. The 

heterodimer without the intact activation domain may have weak activation ability, and it can 

be regarded as a non-functional heterodimer. Combined with our transactivation results, the 

formation of the non-functional heterodimers may explain the mechanism of PtrVND6-C1IR 

–mediated attenuation for expression of PtrSND1s, PtrVND6s, and PtrMYB021. 
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Figure 14. Protein co-localization in SDX protoplasts demonstrate that PtrVND6-C1 IR 
is translocated from cytoplasmic foci to the nucleus by full-size PtrVND6 members. (a) 
Subcellular localization of PtrVND6 fusion proteins: A1, A2, B1, B2 , C1 and C2.  (b)  The 
cytoplasmic loci location of PtrVND6-C1 IR (c) Translocation of PtrVND6-C1 IR from the 
cytoplasmic foci into the nucleus by the full-size PtrVND6s 
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Figure 15. Protein colocalization in SDX protoplasts demonstrate that PtrVND6-C1 IR is 
translocated from cytoplasmic foci to the nucleus by full-size PtrSND1 members. (a) 
Subcellular localization of PtrSND1 fusion proteins: A1, A2, B1, B2 (Li et al., 2012) (b)  The 
cytoplasmic loci location of PtrVND6-C1 IR (c) Translocation of PtrVND6-C1 IR from the 
cytoplasmic foci into the nucleus by the full-size PtrSND1 
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4.3.2. Secondary cell wall-related NAC family members PtrSND-

2/3s and PtrSND-1Ls translocate PtrVND6-C1IR from 

cytoplasmic foci to nucleus 

 4.3.2.1 Full-size NACs in families PtrSND-2/3s and PtrSND-1L 

were located in nucleus 

Subcellular co-localization showed that PtrSND1s and PtrVND6s can translocate PtrVND6-

C1IR from cytoplasmic foci to the nucleus, suggesting the formation of non-functional 

heterodimers between PtrVND6-C1IR and the activators of PtrMYB021 (Figure 14). We 

further focus on whether PtrVND6-C1IR inhibit other secondary cell wall-related NAC 

family members by forming non-functional heterodimers. Secondary cell wall-related NACs 

PtrSND-2/3s that are orthologous with AtSND2 and AtSND3, and PtrSND-1Ls that are 

paralogous with PtrSND-1s were identified.  The interactions between PtrVND6-C1IR and 

secondary cell wall-related NAC family members PtrSND-2/3s and SND-1Ls were analyzed 

in SDX protoplasts.  

 

35S-PtrSND2/3s:sGFP, 35S-PtrSND1-Ls: sGFP and 35S-H2A-1:mCherry nuclear marker 

plasmids were co-transfected in SDX protoplasts. Each of the PtrSND-2/3s and PtrSND-1L 

was co-localized with the H2A in the nucleus (Figure 15).  The subcellular locations of 

PtrSND-2/3s and PtrSND-1L are clearly different with that of PtrVND6-C1IR found in P-

bodies. 
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4.3.2.2 Cytoplasmic PtrVND6-C1IR can be translocated into the 

nucleus by the members of PtrSND-2/3 and PtrSND-1L families 

To co-transform PtrVND6-C1IR with each of the PtrSND-2/3s and PtrSND-1Ls members, 

PtrVND6-C1IR: mCherry fusion gene plasmids were mixed with the plasmids of each of the 

35S-PtrSND-2/3:sGFP and 35S-PtrSND-1L:sGFP constructs, and each plasmid mix was 

transfected into P. trichocarpa SDX protoplasts. In the presence of each of the full-size 

PtrSND-2/3 and PtrSND-1L members, PtrVND6-C1IR was translocated from the cytoplasmic 

foci to the nucleus (Figure 15 and Figure 16), indicating that PtrVND6-C1IR has the ability to 

form non-functional heterodimers with each member of PtrSND-2/3 and PtrSND-1L. To 

further investigate the ability of PtrVND6-C1IR to interact with other developing xylem 

NACs, PtrXND1 and PtrANAC1 were selected to co-transform with PtrVND6-C1IR in SDX 

protoplasts. Plasmids of 35S-PtrXND1:sGFP and 35S-PtrANAC1:sGFP were co-transformed 

with the nucleus marker 35S-H2A-1:mCherry, and the results showed that PtrXND1 proteins 

are located in both nucleus and cytosol and showed that PtrANAC1 proteins are exclusively 

located in nucleus (Figure 17). By co-expressing PtrXND1-GFP with PtrVND6-C1IR-cherry 

in the protoplasts, cherry fluorescence changed from cytosol into nucleus. Similarly, 

PtrVND6-C1IR was translocated in nucleus by PtrANAC1.   
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Figure 16. Protein co-localization in SDX protoplasts demonstrate that PtrVND6-C1IR 
is translocated from cytoplasmic foci to the nucleus by full-size PtrSND2/3 and 
PtrSND1-L members. (a) Subcellular localization of PtrSND2/3s and PtrSND1-L fusion 
proteins: A1, A2, B1, B2, L2, 1-L1 (b)  The cytoplasmic loci location of PtrVND6-C1 IR (c) 
Translocation of PtrVND6-C1 IR from the cytoplasmic foci into the nucleus by the full-size 
PtrSND2/3s and PtrSND1-L 
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Figure 17. Protein co-localization in SDX protoplasts demonstrate that PtrVND6-C1IR 
is translocated from cytoplasmic foci to the nucleus by ANAC1 and XND1 members. (a) 
Subcellular localization of ANAC1 and XND1 fusion proteins (b)  The cytoplasmic loci 
location of PtrVND6-C1 IR (c) Translocation of PtrVND6-C1 IR from the cytoplasmic foci 
into the nucleus by the full-size PtrSND2/3s and PtrSND1-L 
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Figure 18. Phylogenetic tree for developing xylem expressed NAC protein families. (a) 
The families for Populus trichocarpa NACs (b) The phylogenetic tree and family clade for 
xylem expressed NAC protein 
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4.4 Conclusions 

Here we report the subcellular locations of twenty P. trichocarpa xylem-expressed NAC 

genes and most of them are associated with secondary cell wall formation. These developing 

xylem-expressed NACs can form the non-functional heterodimers with the PtrVND6-C1IR 

that lack an activation domain. The results suggested that the inhibitory function of 

PtrVND6-C1IR is not confined to the downstream genes PtrSND1s and PtrVND6s, and acts 

on the downstream genes of the other members of developing xylem-expressed NAC protein 

family. 
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