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(Abstract)

Wood has a wide variety of uses and is arguably the most important renewable raw
material. The composition of xylem cell types in wood determines the utility of different
types of wood for distinct commercial applications. Using expression profiling and
phylogenetic analysis, we identified many xylem-associated regulatory genes that may
control the differentiation of cells involved in wood formation in Arabidopsis and poplar.
Prominent among these are NAC-domain transcription factors (NACs). In addition to
their roles as regulators of xylem differentiation, NACs are regulators of meristem
development, organ elongation and separation. We studied a subset of Populus and
Arabidopsis NACs with putative involvement in xylem cell expansion and elongation
(XND1/ANAC104, PopNAC118, PopNAC122, PopNAC128, PopNAC129), and secondary
cell wall synthesis (ANACO073, PopNAC105, PopNAC154, PopNAC156, PopNAC157).
Using quantitative Real-Time PCR, we evaluated expression of the selected Populus
NACs in a developmental gradient and in response to bending stress. We prepared
transgenic Arabidopsis and Populus plants with increased or decreased expression of
select NAC genes. For dominant repression of target gene expression, we evaluated
transgenic plants expressing translational fusions of NAC-EAR (ERF amphiphilic
repressor) chimeras through chimeric repressor silencing-technology (CRES-T). XND1
overexpression in Populus and Arabidopsis resulted in severe stunting and suppression of
xylem differentiation. Overexpression of POPNAC122, an XND1 ortholog, yielded an
analogous phenotype in Arabidopsis. Populus XND1 overexpressors lacked phloem fibers
and showed a reduction in cell size and number, vessel number and frequency of rays.
Knowledge gained through characterization of these wood-associated regulatory genes
can be used to optimize molecular breeding and genetic engineering strategies for
improved wood quality and increased biomass.
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Chapter 1

Introduction

Wood is an important, renewable raw material with many uses such as lumber, paper,
fiberboard, and engineered wood products. These products were estimated to value $243
billion in U.S. sales in 2005 (DOE). Additionally, $350 billion is contributed annually to
the world’s economy by wood and paper products industries (FAO, 2005). The
development of strategies for modifying wood characteristics and increasing wood
biomass is central to the domestication of forest trees. Modification of trees for
optimization of wood production has the potential to produce high-yielding, intensively-
managed plantations that occupy a small amount of land. Domestication for optimum
wood production should be achievable without detracting from the traditional
environmental benefits provided by forests including carbon sequestration, watershed

protection, improved air quality and recreational and wildlife habitats.

Trees are characterized by their extensive formation of secondary xylem which is both a
supportive and conductive tissue. It is the composition of xylem, i.e. the structure,
arrangement and relative proportions of the specialized xylem cell types, that determines
the physical properties of woods and hence their suitability for specific commercial
applications (Esau, 1965). Alterations for optimal wood yield depend on attaining
knowledge of gene function and regulatory pathways related to secondary xylem
formation. Gene and genome duplications and subsequent gene subfunctionalization may
represent the underlying mechanisms through which genes and regulatory pathways
involving wood formation have evolved. The model herbaceous annual Arabidopsis and
the model woody perennial poplar represent complementary models for revealing the
genetic pathways regulating secondary xylem formation. A small number of genes
controlling xylem formation and secondary cell wall synthesis have already been
characterized in Arabidopsis and have clear orthologs in poplar. Moreover, the gene
expression patterns of some of the poplar orthologs suggests that they also function in

xylem development. In an effort to translate findings from studies in Arabidopsis to an



industrial crop, we studied the function of selected NAC-domain transcription factors that

are putative key regulators of the differentiation of xylem in poplar.

Arabidopsis offers experimental advantages such as a fully annotated genome sequence
and rapid growth and development. However, studies with a model tree such as poplar
are vital to understanding aspects of wood formation not represented in Arabidopsis.
Studying wood formation in trees offers a more economically relevant viewpoint due to
complex seasonal changes, age-related maturation, reaction wood, heartwood and
specialized cell types of long-lived perennials. Trees also provide a notably larger amount
of cambial tissue for study relative to annuals such as Arabidopsis. Considering the
availability of the genome sequence and the possibility of identifying members of gene
families orthologous to Arabidopsis NAC genes, poplar is a valuable model that also

offers facile transformation and early, rapid growth compared with other trees.

Xylem in dicotyledonous, woody plants is comprised of both vertical and horizontal
tissues. The vertical, or axial, component consists of three specialized cell types. Non-
living vessel members and tracheids, collectively referred to as tracheary elements (TEs),
serve to conduct water. Fibers provide support while parenchyma cells provide storage
and food translocation. Parenchyma cells also form the ray, or horizontal, component of
xylem. There are three common phases involved in the formation of TEs and fibers: 1)
cambium cell division, 2) cell elongation and/or expansion, and 3) secondary cell wall
synthesis. TEs progress through a fourth step of differentiation, programmed cell death
(PCD).

NAC-domain transcription factors (NACs) are important to regulation of several aspects
of plant development including root formation, flower maturation, organ separation and
meristem formation. NAC proteins are plant-specific transcriptions factors containing a
highly conserved N-terminal sequence designated the NAC domain and a divergent C-
terminus (Souer et al., 1996; Riechmann et al., 2000). The NAC name is derived from the
NO APICAL MERISTEM (NAM) gene from petunia and the Arabidopsis genes
ATAF1/ATAF2 and CUP-SHAPED COTYLEDON2 (CUC2) (Aida et al., 1997). The



NAC domain contains five subdomains referred to as A to E (Kikuchi et al., 2000). There
are approximately 105 NAC proteins in the Arabidopsis genome (Ooka et al., 2003;
Olsen et al., 2005). Arabidopsis cucl/cuc2 double mutants lack an embryonic shoot
apical meristem, and their cotyledons are fused to form a “cup”’; whereas cuc3 mutants
have fused floral organs in addition to fused cotyledons (Aida et al., 1997; Takada et al.,
2001; Vroemen et al., 2003). Genes belonging to two subgroups of Arabidopsis NAC
genes have been characterized as regulators of xylem differentiation. In separate studies,
it was shown that overexpression of genes in related subgroups, NST1 and NST2 (Mitsuda
et al., 2005) and VNDG6 and VND7 (Kubo et al., 2005), led to ectopic formation of TE-like
cells. Ectopic formation of the TE-like cells was coupled with expression of markers for
secondary cell wall biosynthesis for both VND7 and NST1. For VND6/7, the formation of
xylem cells occurred without an increase in cell size implying that VNDs do not regulate
xylem cell enlargement. Based on the results from these studies, it is evident that a
central element of wood formation--secondary cell wall synthesis--can be influenced via

manipulation of a single NAC-domain transcription factor.

Of the 105 NAC-domain genes in the Arabidopsis genome, 16 are expressed in vascular
tissues (Kubo et al., 2005; Mitsuda et al., 2005; Zhao et al., 2005). Only one of these
genes is linked to phloem-cambium (PC) development (Zhao et al., 2005). Of the 15
remaining xylem-associated NAC genes, members of the VND and NST subgroups
account for ten. Zhao et al. (2005) studied the NAC gene exhibiting the highest
expression in xylem. Based on gain- and loss-of-function studies, XYLEM NAC DOMAIN
1 (XND1, At5g64530) appears to be a negative regulator of secondary cell wall synthesis
and PCD, i.e. terminal differentiation, in xylem in contrast with the VNDs and NSTs
which act to promote secondary cell wall synthesis. xnd1 plants produced shorter fibers
and TEs resulting in moderately shorter plants (Zhao et al., 2008). In contrast, plants
overexpressing XND1 were severely stunted and in the most extreme cases TE
differentiation was completely blocked as evidenced by the complete lack of secondary
cell wall thickenings (Zhao et al., 2008). Prosss:XND1 plants also lacked expression of
selected TE markers and did not transport Evans blue throughout the vascular system.

Evans blue is a vital stain excluded from living cells but readily taken up by dead xylem



cells. That normal patterns of expression were observed for several phloem markers in
XND1 overexpressors lacking xylem, suggested that the inhibitory effects of XND1
overexpression were restricted to xylem cells (Zhao et al., 2008). RT-PCR results showed
that the severity of stunting and xylem discontinuity was positively correlated with the
level of XND1 transcript. XND1 knockouts (two independent alleles) with confirmed
transposon insertions lacked detectable XND1 transcript levels and exhibited a reduction
in plant stature by as much as one-third, compared to wild-type (WT) plants (Zhao et al.,
2008). The lengths of fibers, vessel members, siliques and leaves were significantly
reduced in the XND1 knockout plants compared to WT. Based on the results from both
gain- and loss-of-function experiments, it appears that XND1 indirectly facilitates cell
enlargement by blocking secondary cell wall synthesis and PCD. An antagonistic
relationship may exist between XND1 and VND/NST family members, coordinating the

timing of cell expansion with secondary cell wall synthesis and PCD in xylem.

These findings regarding the VND/NST and XND1 NAC-domain transcription factors and
their effects on xylem differentiation make a strong case for functional analysis of as yet
uncharacterized xylem-associated NACs in Arabidopsis and other important models. Here
we show that there are putative orthologous poplar NACs upregulated in vascular tissues.
We used a combination of annotated genome sequence data (Tuskan et al., 2006) and
oligo-based microarray resources recently developed for poplar (Brunner et al.,

unpublished).

The poplar genome contains approximately 157 NAC genes which is 1.5 times more than
in Arabidopsis and 2 times more than in rice (S. Covert pers. comm.). Genome
duplications are responsible for the expansion in the number of transcription factors in
Arabidopsis (Maere et al., 2005), and the same appears to be true for poplar, with a 60%
retention rate since the most recent genome duplication (Tuskan et al., 2006). Transcript
profiling of a variety of poplar tissue types and developmental stages using a whole-
genome NimbleGen oligonucleotide microarray identified poplar NAC genes upregulated
in xylem or PC (Brunner et al., unpublished). Profiling of six tissue types has been

completed: xylem, PC, female catkin, male catkin, seed and germinant.



In order to study the putative functions of select Populus NAC (PopNAC) genes, we used
Real-Time PCR to show tissue- and organ-specific expression in a developmental
continuum. Expression of the NAC genes in Populus individuals undergoing normal
development and plants subjected to treatment-induced reaction (or tension) wood
formation was evaluated. Researchers study reaction wood in trees to investigate the
molecular pathways involved in wood development (Hellgren et al., 2004). Tension wood
occurs on the stretched surface of the bent stem and is characterized by enhanced growth,
a reduction in vessel element frequency and size and a 10-20% increase in cellulose
content corresponding with a decrease in lignification (Hellgren et al., 2004; Andersson-
Gunneras et al., 2006). In opposite wood forming on the compressed side of the bend,
there is an increase in lignin content coupled with a decrease in cellulose as well as an
inhibition in cambial cell division (Andersson-Gunneras et al., 2006). One POpNAC,
PopNAC154, is putatively involved in wood formation; it exhibited an increase in
transcription in tension wood in contrast to opposite wood (Andersson-Gunneras et al.,

2006).

We chose eleven genes — three from Arabidopsis and eight from poplar — to study due to
their putative roles in the developmental continuum of xylem cell differentiation. The
overall objective was to characterize select vascular-associated NACs as putative
regulators of secondary growth in both Arabidopsis and Populus. Functional redundancy
of genes can mask single-gene recessive loss-of-function phenotypes. To circumvent the
technical challenge, we employed ERF amphiphilic repressor (EAR) (Ohta et al., 2001)
motif-mediated dominant repression of target gene expression through translational
fusions of the selected NAC genes to an EAR domain, LDLDLELRLGFA, termed
SRDX, for expression (Hiratsu et al., 2003). The motif was placed as an in-frame fusion
attached to the C-terminus of select NACs and cloned into a binary vector for 35S-driven
expression of NAC-EAR fusions. Select Arabidopsis and Populus NAC genes were
amplified and inserted into cloning vectors for both overexpression and dominant
repression studies. Constructs for select genes were transformed for misexpression in

Arabidopsis and Populus.



Chapter 2: Functional analysis of XND1 in Arabidopsis

2.1 Introduction

Studies of the 105 NAC-domain transcription factors in Arabidopsis have revealed
involvement in various developmental stages from cotyledon development (Aida et al.,
1997; Takada et al., 2001; Vroemen et al., 2003) to tracheary element differentiation and
PCD (Kubo et al., 2005; Mitsuda et al., 2005; Zhao et al., 2008). Of the 16 vascular-
associated NAC-domain transcription factors in Arabidopsis (Zhao et al., 2005), VNDG6/7
and NST1/2/3 have been characterized as promoters of xylem differentiation (Kubo et al.,
2005; Mitsuda et al., 2005; Mitsuda et al., 2007). In contrast, the most highly expressed
xylem-associated NAC gene, XND1 (At5g64530), has been implicated as a negative
regulator of secondary wall synthesis and PCD (Zhao et al., 2005; Zhao et al., 2008). Due
to functional redundancy exhibited by the VND and NST subgroups, it has been shown
that overexpression of NAC-SRDX fusions leads to phenocopies of multigene knockouts
(Kubo et al., 2005; Mitsuda et al., 2005). Based on these findings, we employed an
XND1-SRDX fusion as well as a series of domain swapping experiments to further

characterize the function of XND1 in Arabidopsis.

2.2 Materials and Methods

2.2.1 Overview of cloning and transformation

Standard recombinant DNA techniques were employed to amplify and manipulate DNA
by first utilizing the pGEM-T Easy Vector system (pGEM) (Promega Corp. Madison,
WI) as a shuttle vector. The recombinant DNA was subsequently cloned into the
appropriate binary vector. Ventg” proofreading polymerase (New England Biolabs,
Ipswich, MA) was used to amplify gene coding regions of the selected NAC genes by
PCR. Depending on the expression of a particular gene, gene coding regions were
amplified from Arabidopsis xylem or bark/phloem cDNA libraries (Zhao et al., 2000).
RNA extraction was accomplished with the use of RNeasy Plant Mini Kit and protocol



(Qiagen Inc., Valencia, CA). RT-PCR was carried out according to the RETROscript Kit
instruction manual (Ambion, Austin, Texas) in a 25 pl standard reaction with primers

specific to each gene.

Restriction sites were added at the amplification step to enable the excision of the cDNA
fragments from the pGEM vector for cloning into the appropriate binary vector. Based on
PCR results, gel extraction was necessary in some cases and was accomplished using the
QIAEX II Gel Extraction kit (Qiagen Inc., Valencia, CA). Transformations of
Escherichia coli (E. coli) strain DH5a cells were conducted as outlined in the technical
manual for the pGEM vector system. Plasmid DNA was isolated from E. coli for
sequence confirmation through the use of QIAprep Spin Miniprep kit (Qiagen Inc.,
Valencia, CA). All sequencing was performed by the Core Laboratory Facility, Virginia
Bioinformatics Institute, Blacksburg, VA. Transformation of the assembled constructs
was accomplished by insertion of recombinant plasmid DNA into Agrobacterium
tumefaciens (Agrobacterium) strains GV3101 and AGL1 according to the outlined
method in Chen et al. (1994) with the exception of the liquid nitrogen freezing step being
replaced by a heat shock step in which the cells were placed in a 37°C water bath for one
minute followed immediately by incubation on ice for two minutes. 0.8 ml of 2XTY was
added to tubes containing transformed cells followed by incubation of the mixture at
28°C with shaking at 250 rpm for two hours. Transformed cells were pelleted by
centrifugation at 5,000 rpm for 30 seconds and resuspended in 100 ul 2XTY. Remaining
solution was spread onto an LB media plate containing the appropriate antibiotics for
GV3101 (kanamycin, rifampicin, gentamicin) or AGL1 (kanamycin, carbenicillin,

rifampicin).

2.2.1.1 Vectors

The binary vector pFGC5941,
(http://www.arabidopsis.org/servlet/TairObject?id=500300075 &type=vector) which

confers BASTA resistance through the “bar” gene in plants, was utilized for all
constructs. The insertion point was downstream of the CaMV 35S (Prosss) promoter,

which has proven useful in determining gene function in both gain- and loss-of-function



studies (Xie et al., 2000; Takada et al., 2001; Hibara et al., 2003; Kubo et al., 2005;
Mitsuda et al., 2005).

2.2.1.2 Constructs

NAC Gain- and Loss-of-Function Constructs
Prosss:XND1-SRDX
The preparation of the XND1-SRDX construct is described in Zhao et al. (2008).

Prosss:VND7-SRDX
The Prosss:VND7-SRDX construct is described in Zhao et al. (2008).

Prosss:ANAC073-SRDX

The coding region for At4g28500 (without the stop codon) was amplified from the xylem
cDNA library (Zhao et al., 2000) using a sense Xho I linker primer, ANAC073-S, and a
Swa I linker primer, ANACO73-AS (Appendix Table I). The PCR product was cloned into
pGEM. pGEM-ANACO073 was digested with Sph I and Swa I and cloned into pGEM-
SRDX previously digested with Sph I and Sma 1. After sequence verification, the
ANACO073-SRDX fragment was digested with Xho I/Swa I and cloned into the pFGC5941

vector previously digested with Xho I/Sma 1.

Prosss:ANACO073

The coding region for At4g28500 was amplified from an Arabidopsis xylem cDNA
library (Zhao et al., 2000) using a sense Xho I linker primer, ANACO73-S, and an ECOR V
linker primer, ANACO73-3 (Appendix Table I). The PCR product was cloned into pGEM.
After sequence verification, the ANACO73 fragment containing the stop codon was
digested out of pGEM with Xho I and EcoR V for ligation into the binary vector,
pFGC5941, previously digested with Xho I and Sma I. The resulting construct was
transformed into AGL1 and GV3101.

Pr035s:ANAC096-SR DX



The coding region for At5g46590 (without the stop codon) was amplified from
Arabidopsis cDNA using a sense Sal I linker primer, ANAC096-S, and a Swa I linker
primer, ANAC096-AS (Appendix Table I). The resulting PCR product was cloned into
pGEM. After sequence verification, the coding region of ANAC096 was digested with
Sph I and Swa I for ligation into the pGEM-SRDX vector previously digested with Sph I
and Sma I. The ANAC096-SRDX in-frame fusion was confirmed by sequencing and
digested from pGEM with Sal I and Swa I for ligation into the pFGC5941 vector
previously digested with Xho I and Sma I. The construct was transformed into

Agrobacterium GV3101 for transformation into Arabidopsis.

Prosss:ANAC096

The coding region for At5g46590 was amplified from Arabidopsis cDNA using a sense
Sal I linker primer, ANAC096-S, and an EcoR V linker primer, ANAC096-3 (Appendix
Table I). The resulting PCR product was cloned into pGEM for sequence verification.
The ANACO096 coding region was digested out of pGEM with Sal I and ECoR V for
ligation into the binary vector, pFGC5941, previously digested with Xho I and Sma 1.
This construct has been transformed into AGL1 and GV3101 Agrobacterium strains.

NAC Domain Swapping Constructs

In order to test the hypothesis that the C-terminus of XNDI1 acts as a repressor, we
prepared domain swapping constructs. As a control for any VND7 gene-specific effects
from the activation domain, we prepared a construct containing the Herpes Simplex Virus
VP16 activation domain (provided by J. McDowell). Schematics of the constructs are

shown in Figure 1.

Prosss:XND1N5-VND7AD

The XND1 NAC domain (A-E or N1-N5) was amplified using ExTaq™ polymerase
(Takara Bio USA, Madison, WI) from the Prosss:XND1 construct using an Xho I linker
primer, XND1N5-S, and a Pvu II linker primer, XND1N5-AS (Appendix Table I). The
VND7 activation domain (C-terminus excluding the NAC domain) was amplified with

ExTaq™ polymerase from the pPGEM-VND7 construct using an Hpa I linker primer,



VND7AD-S, and an EcoR V linker primer, VND7AD-AS (Appendix Table I). Both
fragments were subsequently ligated into pGEM for sequencing. pGEM-XND1NS5 was
digested with Xho I/Pvu II and in a separate reaction with Xho 1/Spe I. pPGEM-VND7AD
was digested with Hpa I/Spe 1. A three-piece ligation was performed using the 3000 base
pair (bp) fragment from the Xho I/Spe I digestion of pPGEM-XND1NS, the 500 bp
fragment from the Xho I/Pvu II digestion of pPGEM-XND1N5 and the 300 bp fragment
from the pGEM-VND7AD digestion. The XND1N5-VND7AD fragment was excised from
pGEM by an Xho I/EcoR V digestion and ligated into pFGC5941 previously digested
with Xho I/Sma I. For XND1 cloning, the final glutamine (Q) residue was changed from
CAA to CAG. For VND7, the initial asparagine (N) was changed from AAT to AAC.

Neither nucleotide substitution resulted in an amino acid change.

Prosss:XND1N5-VP16

The XND1 NAC domain was amplified according to the description above. The Herpes
Simplex Virus VP-16 activation domain was amplified using a Sfo I linker primer,
VP16AD-S (Appendix Table I) and an ECoR V linker primer, VP16AD-AS (Appendix
Table I) from a pTA7001 Agrobacterium stock. The resulting fragment was ligated into
pGEM. pGEM-XND1N5 was digested with Xho I/Pvu II and in a separate reaction with
Xho 1/Spe 1. pGEM-VP16AD was digested with Sfo I and Spe 1. A 3-piece ligation was
performed using the ~3000 bp fragment from the Xho I/Spe I digestion of pPGEM-
XNDI1NS5, the ~500 bp fragment from the Xho I/Pvu II digestion of pPGEM-XND1N5 and
the ~300 bp fragment from the Sfo I/Spe I digestion of pGEM-VP16AD. The XND1N5-
VP16AD fragment was excised from pGEM by an Xho I/ECOR V digestion and ligated
into pFGC5941 previously digested with Xho I/Sma 1. As described above, there was a
single nucleotide change in XND1N5.

Prosss:VND7-XND1C

The XNDI1 c-terminus was amplified from ProsssXND1-pFGC5941 (provided by C.
Zhao) with an Hpa I linker primer, XND1C-S (Appendix Table I), and an ECOR V linker
primer, XND1-02 (Appendix Table I). The coding region of VND7 was digested from
pGEM-VND7 with Sph I/EcoR V and was ligated with pGEM-XND1C, previously

10



digested with Sph I/Hpa I. The VND7-XND1C fragment was digested from pGEM with
Xho I/EcoR V and ligated into pFGC5941 binary vector, previously digested with Xho
I/Sma L.

2.2.1.3 Transformation

Arabidopsis thaliana ecotype Columbia was used for all transformations. Transformation
of Arabidopsis with Agrobacterium containing the appropriate construct was
accomplished by the floral dip method (Clough and Bent, 1998). Transformants were
selected by spraying seven-day-old plants with Finale (BASTA) herbicide (active

ingredient, Glufosinate ammonium 0.03%) followed by re-application one week later.

2.2.2 Analysis of Arabidopsis NAC Transgenics

2.2.2.1 Microscopy

Prosss:POpNAC122 plants were grown alongside plants transformed with Agrobacterium
containing only the pFGC5941 vector (vector-only control) for four weeks under a
14h/10h day/night cycle at 21-22°C. Images were captured of herbicide-resistant T,
plants exhibiting a dwarf phenotype and vector-only controls for characterization using
Zeiss Axioimager M1 and Stemi SV11 microscopes (Carl Zeiss, Inc.,

http://www.zeiss.com/).

2.3 Results

XNDI1, a member of the NAC domain family in Arabidopsis
thaliana, negatively regulates lignocellulose synthesis and

programmed cell death in xylem
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ANACO073 and ANAC096 constructs
No informative phenotypes were observed for transformations with ANACO73 and

ANACO096 overexpression and SRDX constructs. No transformants were recovered for

ANACO073-SRDX.

Domain-Swapping

Given that the stunted, dark green phenotype of Prosss:XND1-SRDX plants was the same
as that of the Prosss:XND1 plants (Zhao et al., 2008), we transformed Arabidopsis with
domain swapping constructs to determine the function of the XND1 C-terminus (Fig. 1).
Prosss:XND1IN5-VND7AD and Prosss:VND7-XND1C transgenic plants exhibited normal
phenotypes. Prosss:XND1NS-VP16 transgenics phenocopied Prosss:XND1 plants (data

not shown).

Phenotype
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Figure 1. Schematic depicting constructs employed in the domain swapping experiment.
All constructs are shown under the control of the 35S Promoter (Prosss).

(a) NAC domain of XND1 with the VND7 activation domain replacing the C-terminus
of XND1. (b) The NAC domain of XND1 fused with the VP16 activation domain from
Herpes Simplex virus replacing the C-terminus of XND1. (¢) The full length VND7
coding region fused to the XND1 C-terminus. Column at right indicates the presence (+)
or absence (-) of phenotype differing from wild-type.

2.4 Discussion

Plants transformed with ANACO073 and ANAC096 recombinant vectors did not show
obvious phenotypes differing from WT. Both poplar and Arabidopsis tranformations
using ANACO073-SRDX produced no transgenics. Further research is necessary to
elucidate the function of these two Arabidopsis NACs.

Overexpression of XND1 leads to stunting and tracheary element discontinuity in
Arabidopsis (Zhao et al., 2008). The addition of the SRDX repression domain to the
coding region of XNDI1 did not alter the phenotype seen in XND1 overexpressors (Zhao
et al., 2008), which is different from the results observed in the fusion of SRDX with
other NAC genes (Kubo et al., 2005; Mitsuda et al., 2005). Due to this unexpected result,
we hypothesized that the C-terminus of XND1 may normally function as a transcriptional
repressor, thus rendering the SRDX domain redundant. To test this hypothesis, we
constructed a recombinant version of XND1 where the N-terminal DNA binding domain
was fused to the powerful activation domain VP16 (Cress and Triezenberg, 1991) to the
NAC DNA-binding domain of XND1. When overexpressed, this fusion resulted in a
phenocopy of the XND1 overexpressors. Moreover, when fused to VND7, the C-terminal
domain of XND1 did not act as a dominant repressor of VND7 activity as reported for
VND7-SRDX fusions (Kubo et al., 2005). Taken together, these results indicate that
XND1 functions as a transcriptional activator, not a repressor. This speculation fails to
provide an explanation for the lack of phenotypes observed for Prosss:XND1N5-
VND7AD plants. One would expect to see Prosss:XND1 phenocopies resulting from
transformation with the Prosss:XND1N5-VND7AD construct if the XND1 C-terminus is
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indeed an activation domain. It is possible that the VND7 activation domain is not as

powerful as the VP16 activation domain.

We examined the amino acid sequence in the C-terminus of XND1 to identify motifs
typically present in an activation domain. An acidic activation domain such as the VP16
activation domain is characterized by acidic amino acids flanking hydrophobic or
aromatic residues (Cress and Triezenberg, 1991). The minimal activation domain of
VP16 consists of six bulky hydrophobic residues interspersed with acidic residues (Cress
and Triezenberg, 1991). The C-terminus of XND1 is leucine-rich and contains 13 acidic
residues out of the total 32 amino acids. There is a region in the C-terminus in which a
leucine is flanked by aspartate and glutamate residues, which suggests that the XND1 C-
terminus may be an activation domain. Sainz et al. (1997) concluded that although the
presence of certain hydrophobic residues has been shown to be essential for an activation
domain, a low level of conservation exists in the regions containing those hydrophobic
residues. In a yeast reporter activation experiment, Zhao et al. found that the XND1 C-
terminus functioned as an activation domain in yeast (unpublished). Interestingly, the
XND1 C-terminus shares a high degree of identity with CYCD3;1, specifically in the
putative retinoblastoma binding domain (Huntley et al., 1998). CYCD3;1 is involved in
the initiation of the transition from G1 to S phase in the cell cycle (Huntley et al., 1998).
Overexpression of CYCD3;1 in transgenic plants led to the transition of cells into the S
phase resulting in abnormal differentiation, in which poorly differentiated cells were
formed due to persistent cell division (Menges et al., 2006). Sequence identity shared
between the putative C-terminal activation domain in XND1 and the retinoblastoma
binding domain in CYCD3;1 suggests a common mechanism and may provide an
explanation for the PCD inhibition observed in XND1 overexpressors. Further research
will focus on determining the function of the C-terminus of XND1, which will hopefully
clarify why the fusion of the XND1 NAC domain to SRDX did not elicit a novel
phenotype different from Prosss:XND1.
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Chapter 3: Expression profiling of two NAC subfamilies

associated with vascular tissue in Populus

3.1 Introduction

Genome duplications (Maere et al., 2005; Tuskan et al., 2006) have resulted in the
expansion of NAC gene families in Arabidopsis and Populus. While Arabidopsis has 105
NAC genes, poplar contains approximately 157, which is twice the number of NAC
genes found in rice. Transcript profiling in vascular tissue via microarray has facilitated
the identification of poplar NACs upregulated in xylem and PC (Brunner et al.,
unpublished). Based on microarray data and phylogenetic analyses, we chose eight
Populus NAC genes for characterization and high resolution expression analyses using
Real-Time PCR. XND1, a xylem-associated gene with no clear paralogs in Arabidopsis
(Zhao et al., 2005), has four orthologs in poplar. Due to the identification of the XND1
orthologs in Populus and the severe vascular-related phenotypes observed in Arabidopsis
XND1 overexpressors (Zhao et al., 2008), we misexpressed XND1 in Populus to
investigate the pathways of vascular differentiation in a tree. To further study the function
of the selected vascular-associated Populus NAC genes, we subjected WT plants to a
bending treatment to observe changes in expression coupled with the formation of

reaction wood.

3.2 Materials and Methods

3.2.1 Overview of cloning and transformation

Amplification and cloning was accomplished as outlined in the previous chapter. The
coding regions of target genes were amplified from cDNA generated by reverse
transcriptase (RT-PCR) from extracted Populus RNA. The binary vector, pFGC5941,
was used in all constructs. For POpNAC154 constructs in Populus, it was necessary to

transfer the 35S promoter, coding region and terminator to another binary vector,
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pBINPLUS, which confers kanamycin resistance, as selection of transgenic poplar using
basta was problematic (van Engelen et al., 1995). Transformation of the assembled
constructs was accomplished by insertion of recombinant plasmid DNA into
Agrobacterium tumefaciens (Agrobacterium) strain AGL1. Prosss:POpNAC122 was

transformed via AGL1 into Arabidopsis for phenotypic characterization.

Transformation of poplar tissue was carried out as in Filichkin et al. (2006). Widely used
poplar clone 717-1B (Populus alba x P. tremula) (referred to as 717, control, WT) was
used for transformations. Agrobacterium strain AGL1 was used in all Populus
transformations. Regeneration and propagation of transgenics following transformation

was accomplished using the protocol described in Meilan and Ma (2006).

3.2.1.1 Constructs
Prosss:XND1
This gain-of-function construct was obtained from Zhao et al. (2008) and transformed

into AGL1 Agrobacterium for transformation into Populus.

Prosss:PopNAC154

The coding region for POpNAC154 was amplified from Populus stem cDNA using a
sense Xho I linker primer, POpNAC154-S, and an EcoR V linker primer, POpNAC154-3
(Appendix Table I). The resulting PCR product was cloned into the pGEM vector. The
sequence of the coding region was verified and digested out of pGEM with Xho I/Swa I
for ligation into the binary vector, pFGC5941, previously digested with Xho I/Sma I. This

resulting vector was used to transform AGLI.

Prosss:PopNAC154-SRDX

The coding region for POpNAC154 was amplified from the overexpression construct to
ensure sequence identity using a sense Xho | linker primer, POpPNAC154-S, and a
downstream antisense Swa I linker primer, POPNAC154-AS (Appendix Table I).
PopNAC154 was digested from pGEM with Sph I/ Swa I and ligated into pGEM-SRDX,

16



previously digested with Sma I/Sph 1. The POpNAC154-SRDX fragment was digested
from pGEM with Xho I/Swa I and ligated into the pFGC5941 vector previously digested

with Xho I/Sma I. The resulting vector was used to transform AGL1.

Prosss:POpNAC154 and Prosss:PopNAC154-SRDX into pBINPLUS

Due to the extended time required to obtain transformants using BASTA as selection in
tissue culture, the constructs containing POpNAC154 were modified to confer kanamycin
selection. The coding region of POpNAC154 both with the stop codon and with fusion to
the repressor domain was digested from the pFGC5941 vector with EcoR I and Hind III
and subsequently ligated into pBINPLUS, previously digested with ECoR I and Hind III.
The Prosss and OCS terminator were excised with the insert from pFGC5941 for ligation
into the multiple cloning site in pBINPLUS.

Prosss:POpNAC122 and Prosss:POpNAC129 into pFGC5941

The coding region of POpNAC122 was amplified by PCR from stem cDNA of Populus
alba using a sense Xho I linker primer, Pal22-S, and a downstream antisense ECOR V
linker primer, Pal22-AS (Appendix Table I). The PCR product was cloned into the
pGEM shuttle vector for sequence verification. pFGC5941, previously digested with Xho
I/Sma I, was ligated with the POpNAC122 fragment digested from pGEM with Xho
I/EcoR V. The coding region of POpNAC129 was amplified from the Populus alba stem
c¢DNA using the same procedure with a sense Xho I linker primer, NAC129P1, and an
antisense ECOR V linker primer, NAC129P4 (Appendix Table I). The constructs,
Prosss:POpNAC122 and Prosss:POpNAC129, were transformed in AGL1 for Arabidopsis

transformation.

3.2.1.2 Phylogenetic Analysis

Sequences for Arabidopsis were obtained from The Arabidopsis Information Resource

(TAIR, http://www.arabidopsis.org/). Populus trichocarpa sequences were acquired from

the Joint Genome Institute Populus trichocarpa v1.1 (http://genome.jgi-

psf.org/Poptrl_1/Poptrl_1.home.html). Genes from Vitis vinifera and Oryza sativa were

obtained through a GenBank BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
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Sequence alignment was produced using MUSCLE

(http://www.ebi.ac.uk/Tools/muscle/index.html). Phylogenetic analysis was performed

using the neighbor-joining tree method in the Mega 4.0.2 computer program

(http://www.megasoftware.net/). 1000 bootstrapped data sets were used to infer

consensus trees with estimates of statistical confidence.

3.2.2 Analysis of Populus NAC Expression

3.2.2.1 Tissue Collection

In stem sections undergoing secondary growth, we collected xylem and PC scrapings
from plants grown in greenhouse conditions with a 16h/8h day/night photoperiod at 20 to
22°C. Xylem and PC sample collection was performed as described in Gray-Mitsumune
et al. (2004). In harvesting the tissue for the broad tissue and gradient surveys, the bark
was peeled back, revealing the PC on the inner side of the bark. Three to six cell layers
from the bark is the PC. The wood side is the developing xylem undergoing secondary
wall thickening (Gray-Mitsumune et al., 2004). Both regions were scraped separately into
liquid nitrogen and stored at -80°C. For the whole-bark sample, the PC was not scraped,
instead the bark was left intact for RNA extraction. The shoot tip was isolated by
removing all recognizable leaves longer than one millimeter from the apical meristem.
Leaves were collected from below the apex. Leaf Plastochron Index 1 (LPI 1) refers to
the first leaf with a lamina larger than 2 cm (Larson and Isebrands, 1971). The node at
LPI 1 is designated as node one with the internodal region below referred to as internode
one. For the developmental gradient collection, hand sections from each internode were
examined to determine the approximate stage of development. Internodes were pooled
according to developmental stage. Internodes two to three represent primary growth,
internodes four to seven are indicative of transitional growth and internodes eight to ten
correspond to secondary growth. All Populus tissues were collected from 717-1B plants
with the exception of the floral bud samples which were collected from a naturally grown

Populus alba clone.
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Tension Wood Collection

To induce the production of tension wood, approximately 120 cm-tall control greenhouse
plants were bent and tethered by tying each tree at around the 5™ internode to the bench
creating an angle of about 45° and securing the stem to a stake at the 20" internode. For
collection of tension and opposite wood, xylem and PC samples from the upper and
lower sides of the bent region were collected. As a control, xylem and PC samples were

collected from an unbent control tree at the same time.

RNA Extraction
RNA was extracted from Populus tissue with modifications to the Qiagen RNeasy mini
kit (Qiagen Inc., Valencia, CA) as described in Brunner et al. (2004).

3.2.2.2 3' Rapid Amplification of cDNA Ends (3' RACE)

Due to sequence similarity between the two groups of the POpNACs, 3° RACE was
performed for POpNAC105, 118, 122, 128, 129, 154, 156, and 157 for Real-Time PCR
expression analysis. The 3’ untranslated region (3’ UTR) generally exhibits a greater
degree of divergence enabling the design of gene-specific primers to distinguish between
genes exhibiting high sequence homology in the coding region. Using 717-1B Populus
cDNA as template, a 100-200 base pair portion of the coding region of select Populus
genes adjacent to the 3° untranslated region (UTR) was amplified by a gene-specific
primer and an adapter primer (3’RACE adapter; Appendix Table I) for Real-Time PCR
primer design. PCR was run with a Touchdown program (annealing temperature
decreased by 0.5°C each cycle) using Deep Ventr™ DNA polymerase (New England
Biolabs, Ipswich, MA). A nested PCR using Taq polymerase (New England Biolabs,
Ipswich, MA), a nested gene-specific primer and the adapter primer (Appendix Table I)
was run with a 1/20 dilution of the Touchdown PCR product. The resulting DNA
fragment was ligated into a shuttle vector, pCR 2.1 (TA Cloning Kit, Invitrogen,
Carlsbad, CA), for sequencing. Primers were designed for Real-Time PCR based on the
sequence obtained for 3’RACE for each gene.
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3.2.2.3 Real-Time PCR

To assess tissue-specific transcript levels of the eight Populus genes surveyed, we
isolated xylem, bark, PC, leaves, floral buds and shoot apical meristems for quantitative
Real Time-PCR (RT-qPCR) analysis. Additional samples were collected in a
developmental gradient from LPI 1 to internode ten, consisting of each internode, LPI 1,
LPI3, and LPI 6, for RNA extraction. The reactions were run on an Applied Biosystems
7500 Real-Time PCR System (ABI, Foster City, CA) using Power SYBR Green PCR
Master Mix from ABI. We validated an ubiquitin gene (GenBank CK090058 - Populus
tremula x Populus tremuloides EST) as an internal control gene for similar expression in
the tissues we isolated and to ensure that the gene is a valid reference gene for
quantification under our conditions using geNorm software (M < 1.5)

(http://medgen.ugent.be/~jvdesomp/genorm/) (Gutierrez et al., 2008). The primers used

for ubiquitin amplification were designed from aspen sequence (aUBQ2-F03, aUBQ2-
RO3, Appendix Table I). The gene-specific primers used are listed in Appendix Table I.
Reactions were run with a total volume of 25 pl and a final primer concentration of 400
nM. The program was modified to increase the primer annealing time from 15 to 20
seconds and to add a dissociation stage. Each sample was run in duplicate within a plate.
Each plate was repeated once for a total of four runs per sample. The Ct values were
normalized across plates, and 2”(-Delta Delta Ct) analysis was performed according

to Livak and Schmittgen (2001).

3.2.3 Analysis of Populus NAC Transgenics

3.2.3.1 Tissue Collection

Prosss:XND1 Populus transgenic lines

Due to the stunted growth of the Prosss:XND1 Populus plants, most plants could not be
transferred from tissue culture to soil. The largest of the plants showing a severe
phenotype was transferred in parallel with WT plants into fresh liquid propagation media
(Meilan and Ma, 2006) lacking agar to encourage new growth. Plants were grown under a
16h/8h day/night cycle at 20 to 22°C with gentle shaking until transplanted into soil.

Upon acclimation to soil, plants were transferred to larger pots and grown in greenhouse
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conditions. Measurements of the Prosss:XND1 plant and the control plant were taken at
143 days in soil. The stem diameter was measured using digital calipers at two
centimeters above the soil surface. Overall height and number of internodes as well as
average internode length for both plants was determined. Tissues were collected at 150
days in soil for fixation and embedding. Prosss:XND1 transgenic stem tissue
approximately three internodes from the soil surface was selected for sectioning and
examination. Stem tissue from control plants was collected from an area of secondary

growth (12" internode) for comparison.

Tissue from several independent events grown in tissue culture was collected for
phenotypic characterization. Due to the dwarfed stature of Prozss:XND1 Populus events
3B and 14, all of the stem tissue was collected for fixation. Stem tissue for event 11E was
excised from the fifth through seventh internode from the media surface. For
Prosss:XND1 line 8 and the control, stem tissue was collected from the second and third

internodes above the agar.

RT-gPCR analysis

In order to verify that the XND1 and POpNAC154 transgenes were expressed in Populus
transgenic lines, leaf tissue was collected from several events in tissue culture. One or
two small leaves from below the shoot tip were excised for RNA extraction and cDNA
synthesis. Primers specific to the XND1 coding region (XND1g-Fwd) and OCS
Terminator (OCSTermqg-Rev) were designed for expression analysis of XND1 (Appendix
Table I). Samples were run in quadruplicate on a single plate with ubiquitin as the
reference gene. For POpPNAC154 expression, primers specific to the OCS terminator were
designed for RT-qPCR to distinguish transgene expression from expression of the
endogenous gene (OCSF, OCS102R, Appendix Table I). Samples were run in triplicate

simultaneously with the internal control gene, ubiquitin.
3.2.3.2 Fixation, embedding and sectioning

Fixation buffers were prepared as in Thornton and Talbot (2006) with a 2%
paraformaldehyde/0.5% glutaraldehyde in 10 mM sodium phosphate buffer. Samples

21



were infiltrated under vacuum at room temperature for one hour followed by one hour of
vacuum infiltration on ice. Exceptions to the protocol include washing with 10 mM
sodium phosphate buffer and dehydrating with 70% and 90% ethanol, instead of 75 and
95%. Each dehydration step was performed twice for 10 minutes with the exception of
the 100% ethanol, which was repeated three times. Samples were subjected to overnight
incubation at room temperature with shaking in a 1:1 solution of 100% ethanol and LR
White resin (London Resin Company, Ltd., Reading, Berkshire, England). The 1:1
solution was replaced with 100% LR White resin, and samples were incubated overnight
at room temperature with shaking. Samples were transferred to 100% LR White resin in
gelatin capsules (Electron Microscopy Services, Hatfield, PA) for incubation overnight at
50°C to let the plastic harden. For sectioning, samples were affixed to a mounting
cylinder (Ted Pella, Inc., Redding, CA) with Quick Bond glue (Electron Microscopy
Services, Hatfield, PA). Samples were sectioned with glass knives cut at a 45° angle on a

Sorvall MT2B ultramicrotome.

3.2.3.3 Microscopy

Samples were stained with Toluidine blue/boric acid (0.05% w/v) for one minute. Images
were captured under brightfield and fluorescence optics using a Zeiss Axioimager.A 1
(EXFO X-Cite Series 120 fluorescent lamp) and under polarized light with a Zeiss
Axioscope 40 microscope (Carl Zeiss, Inc., http://www.zeiss.com/). For the Prozss:XND1
and WT stem sections, rays, vessels and xylem cells were quantified for comparison. A
xylem file was defined as a continuous line of cells extending from cambium to pith.
Xylem cells and vessels in ten files were counted for both transgenic and WT. A xylem
cell was deemed a vessel if it was twice as wide as a cell in the file in which it resided or
in files adjacent to the cell. Vessel frequency was reported as a percentage of the total
number of cells counted. Statistical significance for xylem cell quantification was
determined using the student’s t-test. The number of rays in a section of 50 xylem files
was quantified and reported as a percentage. A ray was defined as having lengthened,
narrow cells containing living organelles (Esau, 1965). In the WT and transgenic steles,

the radial dimension of the xylem was measured and its proportional contribution to the
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total stem radius was calculated. Average cell size was calculated by dividing the radial

dimension of the xylem by the average number of cells per file.

3.3 Results

Expression of AtXND1 Populus orthologs

XND1 does not cluster phylogenetically or have apparent redundancy with any other
Arabidopsis NAC genes (Ooka et al., 2003; Zhao et al., 2008). However, XND1 orthologs
are apparent in other annotated genomes. For example, Ooka et al. (2003) noted one
XND1 ortholog in rice, while another was found in a recent genome annotation

(http://www.tigr.org/tdb/e2k1/osal/index.shtml), and at least two XND1 orthologs are

present in the Grape (Vitis vinifera) genome. Based on searches of the poplar genome

sequence database (http://genome.jgi-psf.org/Poptr_1.home.html) and phylogenetic

analyses, four Populus trichocarpa genes cluster with XND1 (Fig. 2a). Each of the four
Populus NACs exhibited a distinct expression patterns as indicated by initial microarray
data and revealed in more detail by RT-qPCR. For the RT-qPCR experiments, NAC gene
expression across a developmental leaf and stem (node and internode) gradient was
evaluated, and stems with extensive secondary growth were further dissected for analysis
of xylem, PC and bark gene expression (Fig. 2b). The highest level of POpNAC122
expression occurred in secondary tissues of the stem, especially in the PC, where it is
expressed 1.3- to 257-fold higher than the other tissues tested. For POpNAC129, there
was a 400 to 900-fold increase in expression in LPI 1 versus the other leaves as well as a
30-fold increase of expression in the shoot tip compared with internodes two through
three. POpPNAC118 was expressed 1.5 to 25-fold higher in nodes compared with all other
tissues analyzed. POpPNAC128 exhibited a three- to 475-fold increase in expression in leaf
tissues compared with all other tissues not including the shoot tip and floral buds. In
vascular tissue, POpNAC122 and PopNAC129 were upregulated in the PC compared to
xylem while POpNAC118 was upregulated in bark versus xylem and PC and PopNAC128
expression was higher in xylem than in PC (Fig. 2b).
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Figure 2. Populus XND1 orthologs show distinct tissue-type expression patterns.

(a) Phylogeny depicting relationship of XND1 and its orthologs from Populus, rice (Os)
and grapevine (VV). Tree was generated using the neighbor-joining method and bootstrap
values of 50% or higher are indicated at the nodes. (b) Tissue samples were collected
from greenhouse grown P. tremula x P. alba clone 717-1B, except for the floral bud
sample that was collected from P. alba. Relative transcript quantities were determined by
RT-qPCR, normalized to an internal control (UBQ), and calibrated to the sample
exhibiting lowest relative expression. POpNAC122 expression was highest in tissues
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exhibiting secondary growth whereas its paralog, POpNAC129, showed highest
expression in primary growth tissues. POpPNAC118 was upregulated in nodes versus all
other tissues tested while POpNAC128 exhibited highest expression in leaf tissues.

Identification and expression of Populus NAC genes orthologous to ANAC073

To identify additional NAC genes that may be regulators of secondary cell wall synthesis
outside of the NST and VND subgroups, we looked for any vascular-associated NAC
genes that had expression patterns similar to VNDs and NSTs. We used the

Genevestigator (http://www.genevestigator.ethz.ch/) (Zimmermann et al., 2005) gene

correlator function to query the 1122 AtGenExpress chips for expression of all xylem-
biased NACs. At4g28500 (ANACO073) expression was significantly correlated (R* values
ranged from 0.65 to 0.89) with expression of NST1 (At2g46770), NST2 (At3g61910) and
the NST3 gene (At1g32770). Moreover, ANACO73 was found by Zhao et al. (2005) to be
highly expressed in xylem compared to peripheral tissues of the root-hypocotyl. Although
ANACO73 is coexpressed with the NST genes, ANACO73 shares less than 14% identity
with the three NST proteins, which share approximately 60% identity. Four poplar genes
cluster with ANACO73 (Fig. 3a): POpNAC156, PopNAC154, PopNAC157, PopNAC105.
We surveyed different organs and developmental stages to characterize expression of
these four POPNACs. The RT-qPCR results confirmed the initial findings from
microarray analyses discussed above (Brunner et al., unpublished), with the expression
for each member of the ANACO73 group being upregulated in xylem compared to PC
(Fig. 3b). Specifically, POpNAC156 and POpNAC154 exhibited 28 to 33 times higher
expression in xylem versus PC whereas POpNAC157 and PopNAC105 were upregulated
1.3- to three-fold in xylem compared with PC. In contrast to the XND1 co-orthologs, the
ANACO73 co-orthologs exhibit a very similar expression pattern in the tissue survey. In
each expression profile, there is a steady increase in expression from the shoot tip to the

region of secondary growth (Fig. 3b).
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(a) Phylogeny showing the relationship of ANACO73 and its Populus orthologs with rice
(Os) and grapevine (VV). Tree was generated using the neighbor-joining method and
bootstrap values of 50% or higher are indicated at the nodes. (b) Graph showing tissue-
and organ-specific expression of POpNAC156, PopNAC154, PopNAC157 and
PopNAC105. Tissue samples were collected from greenhouse grown P. tremula x P. alba
clone 717-1B, except for the floral bud sample that was collected from P. alba. Relative
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transcript quantities were determined by RT-qPCR, normalized to an internal control
(UBQ), and calibrated to the sample exhibiting lowest relative expression. For the
ANACO073 orthologs, relative expression was highest in xylem compared with all other
tissues. Expression values increased for all four genes with progression down the stem
(i.e. with increasing age of tissue).

Expression of Populus NACs across a developmental gradient

Based on our findings from the organ and vascular tissue survey shown in Figure 2, we
decided to perform a higher resolution analysis of changes in gene expression associated
with maturation of leaves and development of secondary tissues in stems. Similar to what
was observed in the broader tissue survey, four distinct expression patterns were
exhibited by the XND1 subgroup co-orthologs (Fig. 4a). In the stem gradient,
PopNAC122 shows six-fold higher expression in internodes eight to ten compared with
internodes two to three reflecting the upregulation in secondary growth observed in the
tissue survey results. POONAC122 expression is two times higher in the PC than in xylem.
Expression of POpNAC129 is highest in internodes four to five, with a 1.5 to three-fold
upregulation compared to the other internodal regions analyzed. In vascular tissues,
PopNAC129 expression is 26 to 27 times higher in the PC and bark compared with
xylem. In the stem, POpNAC118 is most strongly expressed in primary growth and
decreases two- to four-fold as stem age increases. Transcript levels for POpNAC118 were
very similar in the PC and xylem. The leaf-associated expression of POpNAC128 (Fig. 2)
was further resolved in Figure 4 and shown to peak in developing leaves with a four-fold
increase relative to young and mature leaves. POpNAC128 expression in xylem is 14
times higher than in the PC, although the level of expression in leaves is five to 1728

times higher than in all other tissues tested (Fig. 4a).

The RT-qPCR developmental gradient analysis for the ANACO73 subgroup support the
results from the broad tissue survey, i.e. that the four Populus NACs exhibit nearly
identical relative expression patterns (Fig. 4b). All four genes show a steady increase in
expression from internodes two through three to the eight through ten internodal region.
Expression of the ANACO73 co-orthologs is six to 149 times higher in xylem compared
with the PC. In leaf tissues, the expression level increases from LPI 1 to LPI 3 for all four

genes (Fig. 4b).
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Figure 4. RT-qPCR results from high resolution analysis of expression along a
developmental gradient in Populus.

Tissue samples were collected from greenhouse grown P. tremula x P. alba clone 717-
1B. Relative transcript quantities were determined by RT-qPCR, normalized to an
internal control (UBQ), and calibrated to the sample exhibiting lowest relative
expression. (a) XND1 orthologs exhibit differences in expression patterns even among
paralogs. POpNAC122 is upregulated in tissues developing secondary growth. Expression
of POpNAC129 shows upregulation in primary and transition growth. Paralogs
PopNAC118 and POpNAC128 are upregulated in primary vascular tissues as well as
leaves compared with other tissues surveyed. (b) ANACO73 orthologs display xylem- and
secondary growth-specific expression with nearly identical patterns. All of the genes
show an increase in relative expression from shoot tip to secondary growth and exhibit an
increase in expression in xylem compared with PC.
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Expression of Populus NACs in tension and opposite wood in response to bending
stress

In response to the bending treatment, the four members of the XND1 group exhibited
distinct expression patterns. All four genes were upregulated in opposite xylem compared
to tension xylem to varying degrees (Fig. 5a). In addition, three of the four genes were
upregulated in opposite xylem compared to vertical xylem. In contrast, only POpNAC128
and POpNAC118 were upregulated in opposite PC compared to tension and vertical PC.
PopNAC122 and PopNAC129 were upregulated 1.2 to three-fold in vertical PC versus
tension or opposite PC (Fig. 5a).

In contrast to the results for the XND1 Populus orthologs, the expression of the ANACO073
subgroup members show little change in response to the bending treatment. There were a
few slight differences in the xylem samples, but little to no variation in expression levels
is seen across PC samples (Fig. 5b). For POpNAC156 and PopNAC105, a 1.2- to two-fold
decrease in expression is induced in the tension and opposite xylem samples versus
vertical xylem (Fig. 5b). POpNAC154 and POpNAC157 show a 1.4- to 1.5-fold decrease

in tension xylem compared to vertical and opposite xylem (Fig. 5b).
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Figure 5. Expression of Populus NACs in tension and opposite wood in response to
bending stress.

Tissue samples were collected from greenhouse grown P. tremula x P. alba clone 717-
1B, both treated (bent) and untreated (vertical). Individuals were bent for a period of one
week. Relative transcript quantities were determined by RT-qPCR, normalized to an
internal control (UBQ), and calibrated to the sample exhibiting lowest relative
expression. (a) The expression of XND1 orthologs in both xylem and PC is altered in
response to the bending treatment. All four genes were upregulated in opposite xylem
compared with tension xylem. Three of the four genes were upregulated in opposite
xylem compared to vertical (unbent) xylem. POpPNAC118 and POpNAC128 were
upregulated in opposite PC compared with vertical and tension PC whereas POpNAC122
and PopNAC129 were upregulated in vertical PC versus tension and opposite PC. (b)
ANACO73 ortholog expression in response to bending exhibit slight changes in xylem,
but little or no differences in PC. POpNAC154 and POpNAC157 showed a downregulation
in tension xylem compared to opposite xylem, which remained unchanged compared to
vertical xylem. POpNAC156 and PopNAC105 exhibit a decrease in both tension and
opposite xylem relative to vertical xylem.
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Expression of XND1 in Populus tissue culture plants

Since XND1 expression cassettes were available in advance of those for expression of the
poplar XND1 orthologs, we investigated the effect of overexpressing XND1 in Populus,
as a preliminary test of possible roles for the poplar XND1 orthologs. Nineteen
independent transgenic events overexpressing XND1 were produced. Of the nineteen
events, eleven exhibited phenotypes differing from WT. These phenotypes ranged from
moderately stunted and dark green compared to controls to severely stunted plants
exhibiting absence of phloem fibers, changes in vessel frequency and size and a
significant reduction in growth and development of secondary vasculature. For some of
the most severely affected plants, the original shoot would either cease development or
die, but numerous healthy shoots would arise from the roots, termed “root suckering,” a
common occurrence in aspen (Wan et al., 2006). The remaining nine events looked
identical to WT. Figure 6 shows four of the events exhibiting a stunted growth phenotype
(a-d). Cross-sections of the stems from individual plants from each independent event are
shown (Fig. 6f-1) for comparison with a WT plant of similar size but is two to 8.5 months
younger than the transgenics shown (Fig. 6e,j). Event 11, which is the oldest of the
transgenics, was the most similar to WT (Fig. 6f). The control plants in tissue culture
generally reach the tops of the boxes within 1.5 to two months. All of the Prosss:XND1
plants have developing xylem tissue, but none of the cross-sections show any developing
phloem fibers, which can be clearly seen in the younger control plant (compare Fig. 6f-i
to j). Note that xylem vessels in the transgenics are not as large or as numerous as those
seen in the WT plant (compare Fig. 6f-i to j). The relative level of XND1 expression as
determined by RT-qPCR was highest in events 8, 11E and 14 (Appendix Table X). Due
to the severe phenotype observed in event 14, an individual transgenic plant was chosen

for further analysis and characterization.
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Figure 6. Misexpression of XND1 in Populus induces severe stunting associated with an
absence of phloem fibers and varying degrees of secondary growth inhibition.

(a-d) Images of Prosss:XND1 Populus events in tissue culture exhibiting a stunted
phenotype (arranged oldest to youngest from top to bottom). (¢) Image of wild-type
Populus plant in tissue culture that is two to 8.5 months younger than the transgenics
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shown in panels a-d. (f-i) Brightfield micrographs of stem cross-sections of Prosss:XND1
Populus events stained with Toluidine Blue from panels a-d showing varying degrees of
abnormal vascular differentiation featuring a lack of phloem fibers, smaller cell size and
number in vascular tissues and reduced vessel density. (j) Cross-section of wild-type
Populus (from panel e) captured under brightfield optics following Toluidine Blue
staining. Normal phloem fiber development is indicated by arrowhead in j. Bars = 0.5 cm
in (a)-(d); 1 cm in (e); 0.05 mm in (f) for (g)-(j).

Prosss:XND1 Populus plants were severely stunted similar to Prosss:XND1
Arabidopsis plants

Transgenics overexpressing XND1 display a phenotype similar to that seen in
Arabidopsis plants overexpressing XND1. One transgenic Prosss:XND1 plant
(Prosss:XND1.14) was transferred in parallel with a control plant from tissue culture to
soil. The transgenic plant was extremely stunted compared to the WT plant at 129 days in
soil (Fig. 7b). After 143 days in soil, the WT plant measured 93.7 cm in height with 44
internodes and a diameter of 7.14 mm while Prosss:XND1.14 was 10.2 cm in height with
17 internodes and a diameter of 1.93 mm. Average internode length for Prosss:XND1.14
was 0.6 cm while the control was 2.1 cm. Figure 7a shows a cross-section of the lower
stem of Prosss:XND1.14 and Figure 7d shows a cross-section of the 12™ internode of a
WT plant with both images taken at the same magnification for comparison. There are
almost no phloem fibers in the transgenic plant while several large bundles of phloem
fibers are visible in the control (compare Fig. 7c,d). Also reduced are rays, which are
present at a 10% lower rate of occurrence in the transgenic plant compared with the WT
plant. Of the ten files examined, five of the files in Prosss:XND1.14 had no vessels
whereas the WT had one to six vessels in each file. Xylem accounts for only 52.9% of the
stem radius in Prosss:XND1.14 compared with 71.6% in the control, a reduction of 18.7%
due to XND1 overexpression. Reductions in cell size (Fig. 7a,c; Appendix Table VIII)
and cell number (Appendix Table VIII) both contribute to the smaller xylem area.
Despite the notable changes in cell size, cell fate and cell number, xylem cells in
Prosss:XND1.14 exhibited apparently normal lignification, based on autofluorescence
(Fig. 7e,1), and similar birefringence emitted from the lignified cells in the xylem of

transgenic and WT plants (Fig. 7g,h).
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Figure 7. Overexpression of XND1 in Populus led to a reduction in the rate of cell
division and cell size in xylem, decreased production of vessels and rays in xylem and the
near complete absence of phloem fibers.

Shown are Prosss: XND1 dwarf (Prosss:XND1.14) (a, b - plant on right, c, e, g) and wild-
type (b — plant on left, d, f, h) plant. (a) Brightfield image of cross-section of the lower
stem in Prosss:XND1.14 stained with Toluidine Blue taken at same magnification as the
wild-type in panel d (to emphasize reduced cell size in Prozss:XND1.14 compared to
wild-type xylem). (b) Image of wild-type (left) and the severely stunted Prosss:XND1
transgenic (right) after 129 days in soil. Both control and transgenic were processed in
parallel from tissue culture to soil. (¢) Prosss:XND1.14 transgenic stem cross-section
stained with Toluidine Blue showing absence of phloem fibers and a reduction in vessel
(v) frequency versus the control. The number of xylem cells per file was significantly
different from the wild-type (p<0.0001). A reduction in the number of rays (r, arrows
indicating ends of an individual) compared with wild-type was also observed. (d)
Brightfield image of wild-type cross-section from the 12" internode stained with
Toluidine Blue showing clear phloem fiber bundles (pf, arrow). Rays (r, arrows at ends)
and vessels (v) are indicated. (e) Image of Prosss:XND1.14 cross-section emitting
autofluorescence from lignified cells in xylem. (f) Wild-type cross section showing
autofluorescence from lignified cells in the xylem and phloem fibers (pf, arrow). (g)
Polarized image of Prosss:XND1.14 transgenic cross-section exhibiting birefringence in
lignified xylem cells. (h) Image under polarized optics of wild-type cross-section
showing birefringence in xylem cells and phloem fibers (pf, arrow) with lignification.
Bars = 100 um in (a), (g), (h); the bar in (¢) for () = 100 pum; the bar in (d) for (f) = 100
um; 10 cm in (b).

Prosss:POpNAC122 and Prosss:PopNAC129 Arabidopsis plants exhibit xylem
discontinuity and stunted growth

Prosss:POpNAC122 Arabidopsis plants have a phenotype similar to that reported for
Prosss:XND1 Arabidopsis plants (Zhao et al., 2008). At four weeks old, T, plants are dark
green and stunted (Fig. 8a) compared with the vector-only control plants (Fig. 8b). In
addition to the dwarfed stature, xylem development in the roots of the POpNAC122-
overexpressing plants is blocked or delayed and lacks protoxylem poles (Fig. 8c), while
vector-only control plants undergo normal xylem development consisting of two
protoxylem poles flanking three or four files of metaxylem vessels (Fig. 8d). The
repression of xylem vessel differentiation is illustrated in Figure 1 where mature vessel
elements in the zone of differentiation are detectable in controls within 1 mm from the
root tip (panel f), while a typical Prosss:POpNAC122 plant has no detectable xylem
within 10 mm from the root tip (e). Interestingly, Prosss:POpNAC122 plants do initiate

lateral roots (Fig. 8e,g); however, discontinuity between the xylem in the lateral roots and

35



that in the primary root was commonly observed (Fig. 8g) in transgenics compared to

vector-only control plants (Fig. 8h).

Figure 8. Expression of POpNAC122 in Arabidopsis results in stunted plants exhibiting
xylem discontinuity as well as an absence of protoxylem poles.

Shown are Prosss:POpNAC122 dwarf (a, c, e, g) and vector-only control (b, d, f, h). (a)
Four-week-old T, Prosss:PopNAC122 plants are dark-green and stunted compared with
control plants such as the one seen in panel (b). (c) Mature metaxylem elements are
discontinuous (arrow) in the root-hypocotyl of the Prosss:POpNAC122 transgenics.
Transgenics lack protoxylem poles (*). (d) The normal arrangement of a central
metaxylem file flanked by narrower metaxylem files with protoxylem poles to the outside
is seen in the root-hypocotyl of the controls. (¢) Image of a Prosss:POpNAC122 dwarf
with an arrow at the point of discontinuity, 10 mm from the root tip. (f) Control root tip
showing the point of discontinuity (red bracket), 1 mm from the root tip (enlarged in
inset). (g) Lateral roots formed in the Prosss:POpNAC122 transgenics (panel e), but failed
to establish normal xylem continuity between the main root and lateral root as seen in the
control (h). Bars = 1.25 mm for (a) and (b); 10 um for (c), (d), (f), (g), (h); 1 mm in (e).
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Prosss:POpNAC154 transgenic lines
Fifteen independent transgenic events were regenerated from transformations with

Prosss:POpNAC154. No visible deviation from the WT phenotype was seen in the tissue
culture plants with confirmed transgene expression. cDNA from ten POpNAC154-
overexpressing individuals was isolated to quantify the level of transgene expression in
each independent event. Three of the ten events exhibited expression levels four to 40
times higher than the other events (Fig. 9). Of the seven events with lower expression
levels, the expression of the POPNAC154 transgene in five of the events was upregulated

three to ten times higher than in the remaining two events (Fig. 9).
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Figure 9. Expression level of the Prosss:POpNAC154 transgene in independent poplar
transgenic events analyzed by RT-qPCR.

Shoot regeneration in Progss:POpNAC154-SRDX transformants

Control tissue was transformed with the Prosss:POpNAC154-SRDX construct. Explants
resulting from transformation formed shoots, but were unable to initiate root formation.
Shoots were screened for transgene presence; however, no events expressing the
transgene were recovered from transformations with the Prosss:POpNAC154-SRDX
construct. Similar to our results with poplar, two independent transformations of
Arabidopsis plants for expression of ANAC073-SRDX (ANACO073 is a PopNAC154
ortholog) also failed to yield any transgenic plants, while overexpression of ANACO73

yielded only transgenics with WT appearance.
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Discussion

XND1 Populus orthologs exhibit distinct patterns of expression across tissue types
and along a developmental gradient

Taking into account the more complex anatomy and seasonal nature of the secondary
vasculature of a tree relative to Arabidopsis, it seems logical that roles performed in
xylem by one gene in Arabidopsis may require the activities of several genes in Populus.
Their distinct expression patterns suggest the possibility that the four XND1 orthologs
control different aspects of vascular development. Elevated expression in the PC and in
regions of secondary growth suggests that POpNAC122 is possibly involved in secondary
growth in PC such as in the development of phloem fibers (Figs. 2b and 4a). Since it is
also highly expressed in xylem tissues, POpNAC122 might be involved in the
development of secondary growth in xylem. POpNAC129, a paralog of POpNAC122,
shows higher expression in primary-to-transition stages of stem vascular development.
With highest expression in internodes four to five and PC, POpNAC129 might be
involved in the transition from primary to secondary growth in PC. POpNAC118 is most
highly expressed in the nodes suggesting a role in cambial development or perhaps a
more general role in regulation of cell fate. POpNAC128 shows strong expression in the
leaf tissues, with expression five to 1700 times higher in leaves compared with all other
samples. The elevation of expression in leaf tissue suggests that POONAC128 might
regulate vascular tissue formation or differentiation in leaves (Figs. 2b and 4a). However,
in situ hybridization results show expression associated with mesophyll cells in
developing leaves supporting a role for at least one XND1 ortholog in non-vascular cell

types (Brunner et al., unpublished).

The expression patterns of the XND1 orthologs along the stem gradient seem to
complement each other in that each gene appears to be most active during a different
stage of development. POPNAC118 and POpNAC128 exhibit a similar pattern in which
the highest expression occurs in the shoot tip or primary growth region and decreases

with the progression down the stem (Fig. 4a). The expression of POpPNAC129 increases
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two-fold from internodes two to three where it reaches a peak at internodes four to five
and then decreases three-fold down the stem. In contrast, POpNAC122 expression is
lower in internodes two to five and exhibits a four- to six-fold increase at internodes six
to ten. Given that the expression for each of the XND1 orthologs is peaking at a different
developmental stage, the genes may be involved in the same processes but in separate
tissues or at different times during development. All four genes may be interacting to
implement the seasonal changes in development involved in dormancy and cessation of
growth as well as initiation of growth, proliferation and expansion. It would be
interesting to study the changes in expression for the XND1 orthologs by inducing

dormancy and growth initiation.

Expression patterns of ANACO073 Populus orthologs are nearly identical in a
developmental gradient

In contrast to the XND1 orthologs, the ANACO73 group of genes exhibit very similar
expression patterns, especially among the two paralogous pairs. Each of the four genes is
more highly expressed in xylem than in any other tissue surveyed suggesting that they are
xylem-specific and may interact to regulate xylem formation and differentiation (Figs. 3b
and 4b). Expression of the four genes increases with the progression down the stem and is
highest in regions of secondary growth (Figs. 3b and 4b). Based on the expression data,
the genes are possibly involved in the regulation and control of secondary cell wall
synthesis in xylem. The intricate process of wood formation in a tree requires a complex
network of interactions which may explain the need for four genes with similar
expression profiles. It is possible that each of the genes is activated during a different
stage of development. At this level of investigation, it is unclear what roles these genes

play despite their association with vascular tissues.

In situ hybridization using probes specific to each gene would provide information about
tissue-specific expression throughout the plant. Further characterization through the
development of RNAI constructs gene-specific silencing would aid in determining their

individual roles in vascular tissue development.
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Stimulation of reaction wood formation in Populus leads to proposed gene-specific
functions

In order to obtain more information about the function of the POpNACs, we subjected
WT trees to bending stress to potentially alter the expression of these genes. We used RT-
qPCR to monitor the changes in gene expression of members in both the XND1 and
ANACO073 Populus ortholog groups. The normal progression of secondary wall
biosynthesis is altered in the formation of tension (or reaction) wood (Andersson-
Gunneras et al., 2006). Tension wood is characterized by an increase in cellulose content
at the cost of a reduction in lignin and hemicellulose as well as a reduction in vessel
element frequency and size (Andersson-Gunneras et al., 2006). Wu et al. states that an
increase in lignin coupled with a decrease in cellulose is seen in the compression-stressed
tissues opposite the tension wood (2000). An increase in cambial cell division is observed
in tension wood in contrast to opposite wood in which cambial growth is inhibited
(Hellgren et al., 2004). Upon comparison of values for relative expression (xylem vs. PC)
for the tissue and gradient surveys and expression of vertical (unbent) xylem versus PC,
the values were not identical but the patterns and the degree of expression level for xylem
versus PC in both groups were similar. For example, POpNAC122 and PopNAC129 are
upregulated in PC while POpNAC118 and PopNAC128 are upregulated in xylem across
all three surveys (Fig. 5a).

Varied responses to the gravitational stimulus were seen in the XND1 group suggesting
possible roles in cambial development and secondary wall biosynthesis. POpNAC122 and
PopNAC129 show a three- to eight-fold increase in expression in opposite xylem and a
1.2- to three-fold downregulation in tension and opposite PC compared with vertical PC
(Fig. 5a). The upregulation in opposite xylem suggests that POpNAC122 and PopNAC129
are either having a negative effect on cellulose content and cambial cell division or a
positive effect on lignification in opposite wood. Expression of the paralogs in treatment-
induced PC is decreased implying that the genes might not be involved in changes
occurring in tension and opposite PC. Based on their expression patterns in xylem from
RT-qPCR, it seems that POONAC129 may be affecting cambial cell division whereas
PopNAC122 is presumably controlling secondary growth aspects of development such as
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the formation of cellulose or lignin. A two-fold increase in both opposite xylem and PC
and elevated expression in tissues involving growth initiation suggest that POpNAC118
might be involved in the inhibition of cambial growth in opposite wood. POpNAC128
exhibits a decrease in tension xylem coupled with an increase in expression in both
tension and opposite PC. Based on the bending-induced changes in expression and the
potential role in cambial initiation from RT-qPCR, POpNAC128 may also be regulating
cambial development. Considering the upregulation of three of the XND1 orthologs in
both tension and opposite xylem compared with vertical xylem, the changes observed in
the poplar XND1 overexpressors such as reduction in cell size/number, overall extent of
xylem, and vessel frequency are similar to the vascular modifications induced in tension

and opposite wood.

Changes in gene expression for the ANACO73 orthologs as a result of the bending
treatment were subtle and consistent among the four genes in contrast to the distinct
patterns observed for the XND1 group. All four ANACO73 orthologs exhibit a 1.2- to two-
fold decrease in expression in tension xylem (Fig. 5b). POpNAC156 and PopNAC105 also
show a decrease in opposite xylem. Based on xylem-specific expression implicated by
the RT-qPCR results, these four genes are probably coordinating the control of
lignification and cellulose formation in xylem. Functional redundancy may be required in

Populus to mediate the regulation of secondary growth in response to seasonal changes.

XND1 misexpression in Populus resulted in stunted plants lacking phloem fibers and
exhibiting a reduction in ray and vessel frequency in xylem

Results from misexpression of XND1 in Arabidopsis show that XND1 blocks secondary
wall synthesis and programmed cell death in xylem (Zhao et al., 2008). In contrast,
overexpression of other xylem-specific NAC genes involved in secondary growth such as
NST1, NST2 (Mitsuda et al., 2005), VND6 and VND7 (Kubo et al., 2005) resulted in
stimulation of ectopic secondary wall formation. Since XND1 has four orthologs in
Populus, we overexpressed XND1 in Populus for further analysis of XND1 function and
to investigate the genetic pathways involved in vascular tissue formation in Populus. Two

of the XND1 orthologs are upregulated in PC compared to xylem, POpNAC122 and
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PopNAC129. Given that XND1 misexpression in Arabidopsis leads to repression of
secondary wall synthesis in xylem, overexpression of XND1 in Populus may have
affected the secondary wall synthesis in phloem fibers reflecting the PC-associated
expression we observed for the two XND1 orthologs. As seen in Figure 7, lignification
occurs in the xylem despite the overexpression of XND1. Extent of lignification may be
different in transgenic versus WT; however, detailed analysis of cell wall composition
and electron micrographs may be necessary to detect any discernable differences.
Secondary wall synthesis in xylem may be controlled through a different mechanism or
set of genes in Populus that is not affected by XND1 misexpression. Although
lignification in xylem cells was apparently unaffected by the transgene, the extent and
organization of xylem in the stele, number of xylem cells per file and ray and vessel
frequency as well as overall growth were influenced by overexpression of XND1. The
notable differences in cell size and vessel number are easily seen when comparing
Prosss:XND1.14 and wild-type cross-sections at the same magnification (Figure 7a,d).
Stunted growth in the transgenics both in tissue culture (Fig. 6) and soil (Fig. 7) may be
the consequence of the observed disruptions in vascular tissue function resulting from the
vessel- and ray-deficiencies, in addition to the absence of phloem fibers. The four-fold
reduction in average internode length suggests that development is arrested in the
transgenic in addition to the dwarfed stature. Without efficient transport of nutrients and
water, the potential for normal, healthy growth is diminished. Abnormalities in the xylem
and phloem of plants exhibiting the dwarf phenotype might also provide an explanation
for the death of the shoot tip leading to the “root suckering” observed in the more severe
phenotypes. Due to the potential roles of the XND1 Populus orthologs in cambial cell
development, it is possible that XND1 may have an effect on cell division and cell fate in
Populus, which may explain the decrease in the number of xylem cells per file as well as
the nearly 20% reduction in the xylem component of the stem radius as compared with
the control ratio. If XND1 is indeed affecting cell fate, that might also explain the
decrease in rays and vessels observed in the transgenic. Taking the bending data into
account, three of the XND1 orthologs exhibit a 1.3- to two-fold increase in tension xylem
and a two- to eight-fold upregulation in opposite xylem compared with vertical xylem. As

tension xylem is characterized by a decrease in vessels and an inhibition of cambial cell
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division is indicative of opposite xylem (Andersson-Gunneras et al., 2006), the phenotype
we observed for XND1 overexpressors may reflect the roles of XND1 orthologs in tension
and opposite wood development. The effects observed in the poplar vascular tissues
resulting from the overexpression of XND1 appear to mimic the cell- and tissue-level
developmental changes observed in tension and opposite wood in response to a
gravitational stimulus. NAC domain proteins are known to form homodimers and
heterodimers with other family members in yeast two-hybrid experiments (Xie et al.,
2000; Bu et al., 2008; Yamaguchi et al., 2008). Hence, the complex expression patterns
exhibited by these four XND1 orthologs may reflect combinatorial regulation of cell fate
in multiple tissues and developmental contexts, and also suggests that XND1 interacted

with its orthologs in transgenic Populus.

Prosss:POpNAC122 phenocopies Progss:XND1 in Arabidopsis

When PopNAC122, an XND1 ortholog, is overexpressed in Arabidopsis, the phenotype
observed is very similar to the phenotype of the Prosss:XND1 plants described in Zhao et
al. (2008). Both Prosss:XND1 and Prosss:PopNAC122 Arabidopsis plants exhibit severe
dwarfing, discontinuous xylem and the absence of protoxylem poles (Fig. 8) (Zhao et al.,
2008). Another aspect of xylem discontinuity observed in the transgenics was that
observed between the laterals and the main root. The stunted phenotype is possibly
caused by the disconnected network of xylem resulting in an inability to effectively
transport water long distances and illustrates the difficulty of distinguishing between
primary and secondary effects of overexpression experiments. RT-qPCR data shows that
PopNAC122 is highly expressed in PC and increases in regions of secondary growth in
Populus while XND1 is highly expressed in Arabidopsis xylem (Figs. 2b and 4a) (Kubo
et al., 2005; Zhao et al., 2005). Since the role of POpNAC122 is unknown, the expression
of the gene in Arabidopsis may be mimicking suppression of xylem differentiation
observed in overexpressors of XND1 perhaps due to the degree of sequence similarity
shared between the two genes. XND1 lacks paralogs in Arabidopsis while Populus is a
more complex, temperate zone tree with four orthologs of XND1. Despite its apparent

ability to phenocopy the effects of XND1 overexpression, POONAC122 may nevertheless
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regulate a developmental process specific to a tree that has no parallel pathway in

Arabidopsis.

Prosss:POpNAC154 transformants exhibit a WT phenotype in tissue culture

Based on the high expression of POpNAC154 in xylem observed in the microarray data,
we transformed WT plants with a construct for overexpression of POpNAC154. Since no
phenotype was observed in tissue culture plants exhibiting expression of the transgene,
future characterization will involve transgenic plants that have been transferred to soil.
Given that POpNAC154 expression is highest during secondary growth in the stem,
studying larger plants exhibiting a greater degree of secondary growth and wood

formation will potentially reveal a vascular tissue-related phenotype.

Prosss:POpNAC154-SRDX transgenics were not recovered from transformations
To overcome impending functional redundancy due to the presence of three close
homologs of POpNAC154 in Populus, we fused the POpNAC154 coding region to the
SRDX repression domain. The NAC-SRDX fusions have proven to be effective for
functional characterization in other studies involving NAC transcription factors with
genetic redundancy (Kubo et al., 2005; Mitsuda et al., 2005). No transgenics were
regenerated suggesting that the effect of the POpNAC154-SRDX fusion prevented shoot
and/or root formation. This further suggests that POpNAC154 and its homologs may
therefore play a broader role in regulating plant development, perhaps by regulating cell

fate in various tissues and developmental stages.
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Appendix

Appendix Table I. Linker primers used for amplification of selected NAC genes

Primer Sequence (5°-37) Orientation | 5’ Site | Purpose
SRDX-S GGATCCCCCGGGCTAGATCTGGATCTAGAACTC | Sense Sma | EAR
SRDX-AS ATTTAAATTTAAGCGAAACCCAAACGGAG Antisense Swal Repressor

Domain
ANACOQ73-S CTCGAGATGACTTGGTGCAATGACCGT Sense Xho I At4g28500
ANACO073-AS | ATTTAAATAAAGGGATAAAAGGTTGAGAGT Antisense Swa l At4g28500 —
antisense
without stop
codon
ANACO073-3 GATATCTTAAGGGATAAAAGGTTGAGAGT Antisense EcoRV | At4g28500 —
antisense with
stop codon
ANAC096-S GTCGACATGGGAAGTTCATGTTTACCTC Sense Sal | At5g46590
ANACO096-AS | ATTTAAATGAGGAGAAATCTGAGTAACCG Antisense Swa l At5g46590 —
antisense
without stop
codon
ANAC096-3 GATATCCTAGGAGAAATCTGAGTAACC Antisense EcCOR V | At5g46590 —
with stop
Codon
PopNAC154- | CTCGAGATGACTTGGTGCAATGACTGC Sense Xho I PopNAC154;
S 3’ RACE for
PopNAC156
PopNAC154- | ATTTAAATGAGGGGATAAAAGAAGATCCA Antisense Swa l PopNAC154 —
AS without stop
Codon
PopNAC154- | GATATCTCAGGGGATAAAAGAAGATCCA Antisense EcoR V | PopNAC154 —
3 with stop
Codon
NAC129P1 CTCGAGATGGGAGATCATGGCTGCAG Sense Xho I PopNAC129 -
sense
NAC129P4 GATATCACGAACCGAAGCACTCCAC Antisense EcoR V | PopNAC129 —
with stop
Codon
NAC129P3 GATATCATTTGGAAAACTTATATCATCAAGAT | Antisense EcoR V | PopNAC129
and 122 —
without
stop codon
Pal22S CTCGAGGGCTTCTGTTGATTAGACATG Sense Xho I PopNAC122
Pal22AS GATATCAGCCGAAACAATACTCAGAAAC Antisense EcoR V | PopNAC122 —
with stop
Codon
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VND7-S CTCGAGATGGATAATATAATGCAATCGTC Sense Xho I AtVND7
VND7-3 GATATCCGAGTCAGGGAAGCATCCA Antisense EcoR 'V | AtVND7 —
without stop
codon
XND1IN5-S CTCGAGATGAATCTACCACCGGGATTT Sense Xho I AtXND1 —
NAC Domain
XNDIN5-AS | CAGCTGCTCATACACTCTGCATATCAC Antisense Pvu II AtXND1 -
NAC Domain
XND1C-S GTTAACTGCAGTGAGGAGGAAGACGA Sense Hpal AtXNDL1 - C-
terminus
XND1-02 GATATCTTACGGTAAGCTTACTTCGTC Antisense EcoR 'V | AtXND1 - C-
terminus
VND7AD-S GTTAACACATCCTCATCGATGCATCAAT Sense Hpal AtVND7 —
activation
domain
VND7AD-AS | GATATCTTACGAGTCAGGGAAGCATC Antisense EcoRV | AtVND7 —
activation
domain
VP16-S CTACTGATTTTTCCTAGGTCGGGC Sense Sfol HSV - VP16
(partial | activation
site) domain
VP16-AS GATATCCTACCCACCGTACTCGTCA Antisense EcoRV | HSV - VP16
activation
domain
3’RACE GAGACTCGAGTCGACATCG Antisense n/a 3’ RACE
adapter
Pt118-Fwd1 CAATGGTTGGCCACGTTG Sense n/a 3’ RACE for
PopNAC118
Pt118-Fwd2 CCTTCTCTCGGAACATCGCACC Sense n/a 3’ RACE
nested primer
for
PopNAC118
Pt122-Fwd1 GATGGAGAACCAAGCAACAGG Sense n/a 3’ RACE for
PopNAC122
Pt122-Fwd?2 GTACTGCATTGGTCCCGAAG Sense n/a 3’ RACE
nested primer
for
PopNAC122
Pt128-Fwd1 CGTGGCGAAGAGCTTGTG Sense n/a 3’ RACE for
PopNAC128
Pt128-Fwd?2 GGAAGAGTACAGACTATCAGG Sense n/a 3’ RACE
nested primer
for
PopNAC128
Pt129-Fwd3 CTCTTACCTTGCAACCCTGAC Sense n/a 3’ RACE for
PopNAC129
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Pt105-Fwd3 | CTTTGCTTGTCTCCGCAGCTAATCT Antisense n/a 3’ RACE for
PopNAC105
Pt105-Fwd5 | CAAGTGAGAGAACAATGGAGGTG Sense n/a 3’ RACE for
PopNAC105
Pt154-Fwdl | CTATGGGAAGCAAAGGAAGCCAGAG Sense n/a 3’ RACE for
PopNAC154
Pt154NFwd2 | GTAGTGGGCATGAGGGCTCTAAC Sense n/a 3’ RACE for
PopNAC154
Pt154Rev2 TGCTACATGAGCCACCATATCATGCA Antisense n/a 3’ RACE for
PopNAC154
Pt156Rev1 TCAATGATTGCAGCCTTACTTTCCCA Antisense n/a 3> RACE for
PopNAC156
Pt157-Fwd3 | AGTACAGGCCTCCTTGAGTTCT Antisense n/a 3’ RACE for
PopNAC157
auBQ2-F03 TGTACTCTTTTGAAGTTGGTGT Sense n/a Real-Time
PCR control
auBQ2-R03 TCCAATGGAACGGCCATTAA Antisense n/a Real-Time
PCR control
Pt1549-Fwd TCTTGCTGAGTACTATCACCCTTCTTC Sense n/a Real-Time
PCR
Pt1549-Rev GCTACATGAGCCACCATATCATG Antisense n/a Real-Time
PCR
Pt1569-Fwd GTACCACTCCTGTCGACTACTATAATCC Sense n/a Real-Time
PCR
Pt1560-Rev TCACCAAGGCTCAATGATTGC Antisense n/a Real-Time
PCR
Pt118g-Fwd | GGGTCTATGAGCGGAGTTGTGAG Sense n/a Real-Time
PCR
Pt1189-Rev CTAGCCTCCACAAATAAGTTGAGGAC Antisense n/a Real-Time
PCR
Pt122g-Fwd | CTGTTCCAGGAGTTTAAACCACAGTAG Sense n/a Real-Time
PCR
Pt122g-Rev CACATGATTCATTAACATATAAGCCGAAAC Antisense n/a Real-Time
PCR
Pt128g-Fwd | CGAGTCTACGAGCGAGATCTTGAC Sense n/a Real-Time
PCR
Pt1280-Rev CAAAGCCACAAAGGCGACAAC Antisense n/a Real-Time
PCR
Pt129g-Fwd | GCAGGAATATCATCTTTGCAACAG Sense n/a Real-Time
PCR
Pt129g-Rev CGTCATCATCATCAGAGGTATTGC Antisense n/a Real-Time
PCR
Pt105g-Fwd | TGCATGGTTGTTGCTGTTGG Sense n/a Real-Time
PCR
Pt105g-Rev CAAAGGCTTCCTTCCTACGATC Antisense n/a Real-Time

PCR
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Pt157g-Fwd2 | CGAGTGCATGGTTGTTGCTTC Sense n/a Real-Time
PCR
Pt157g-Rev2 | ACGGCAAAGCTTCCAAAGAAC Antisense n/a Real-Time
PCR
XND1g-Fwd | CAAGTGGGTGATATGCAGAGTGTATG Sense n/a Real-Time
PCR
OCSTermg- GCGTCTCGCATATCTCATTAAAGC Antisense n/a Real-Time
Rev PCR
OCSF TATGCGAGACGCCTATGATCGCAT Sense n/a Real-Time
PCR
OCS102R AGAATGAACCGAAACCGGCGGTAA Antisense n/a Real-Time
PCR
Table I1. Ct values for XND1 PopNAC group tissue survey
UBQ AVE UBQ
Gene Tissue AVE Ct STDEV Ct STDEV RQ STD DEV
Nodes 2-6 27.0290 0.0506 18.6154 0.1107 5.8853 0.2079
Nodes 7-12 23.2610 0.0270 18.1556 0.0407 58.2972 1.0840
LPI 1 Leaf 25.8370 0.0477 18.2169 0.0506 10.2001 0.3384
LPI 3 Leaf 27.2389 0.0924 18.3434 0.0859 4.2140 0.2745
LPI 6 Leaf 27.1506 0.0457 18.9708 0.0395 6.9205 0.2205
Shoot Tip 26.4306 0.0938 18.6596 0.0719 9.1878 0.5977
PopNAC122 Internodes 2-3 29.0261 0.1487 18.0555 0.0429 1.0000 0.1022
Internodes 5-6 24.1914 0.0821 17.9351 0.0696 26.2537 1.5040
Xylem 22.7852 0.0893 18.2978 0.0624 89.4644 5.4231
Bark 22.9182 0.0376 18.6932 0.1554 107.3082 2.7989
Phloem-
Cambium 22.9347 0.0793 19.9700 0.0498 257.0557 | 14.4291
Root 22.9910 0.0492 18.1646 0.0630 70.7285 2.4441
Floral Bud 25.7971 0.1268 17.5926 0.0676 6.8030 0.6219
Nodes 2-6 25.6585 0.3176 18.6154 0.1107 5.0874 1.0763
Nodes 7-12 23.8612 0.8851 18.1556 0.0407 12.8566 8.2222
LPI 1 Leaf 17.7681 0.8511 18.2169 0.0506 915.7125 | 563.7390
LPI 3 Leaf 27.7334 2.4657 18.3434 0.0859 1.0000 2.4038
LPI 6 Leaf 27.2014 1.9008 18.9708 0.0395 2.2335 3.6088
Shoot Tip 19.7259 0.9821 18.6596 0.0719 320.4002 | 230.8265
POpNAC129 | Internodes 2-3 | 24.0221 1.1667 18.0555 0.0429 | 10.7280 | 14.2550
Internodes 5-6 23.5854 0.7355 17.9351 0.0696 13.3591 7.0413
Xylem 26.7833 1.7135 18.2978 0.0624 1.8719 2.6377
Bark 24.2345 0.2163 18.6932 0.1554 14.4064 2.1283
Phloem-
Cambium 22.5896 1.1023 19.9700 0.0498 109.1661 | 89.6627
Root 22.4533 1.1327 18.1646 0.0630 34.3269 29.0852
Floral Bud 20.8126 1.0253 17.5926 0.0676 71.9977 54.1254
PopNAC118 Nodes 2-6 23.1116 0.0734 18.8384 0.1131 20.1963 1.0483
Nodes 7-12 22.4146 0.0507 18.4564 0.2406 25.1231 0.8927
LPI 1 Leaf 24.5444 0.1072 18.2197 0.1991 4.8718 0.3602
LPI 3 Leaf 25.5935 0.1293 18.5927 0.1003 3.0491 0.2726
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LPI 6 Leaf 27.6836 0.1195 19.0744 0.0895 1.0000 0.0840
Shoot Tip 23.9693 0.0533 18.9207 0.1254 11.7991 0.4382
Internodes 2-3 24.8258 0.2149 18.1609 0.0315 3.8484 0.5631
Internodes 5-6 26.8079 0.1259 18.3840 0.5089 1.1370 0.0985
Xylem 26.1486 0.0441 18.5500 0.0905 2.0147 0.0608
Bark 24.8042 0.1271 18.8623 0.1466 6.3525 0.5564
Phloem-
Cambium 28.0490 0.2281 20.0124 0.2255 1.4872 0.2363
Root 23.6819 0.0620 18.3477 0.0841 9.6798 0.4198
Floral Bud 22.6814 0.0853 17.8489 0.1001 13.7055 0.7994
Nodes 2-6 24.9565 0.1072 18.8384 0.1131 92.5082 6.8525
Nodes 7-12 25.3839 0.0629 18.4564 0.2406 52.7859 2.2888
LPI 1 Leaf 22.7614 0.1906 18.2197 0.1991 | 275.8791 | 34.7846
LPI 3 Leaf 22.3508 0.0939 18.5927 0.1003 | 474.9000 | 30.2648
LPI 6 Leaf 23.5853 0.1213 19.0744 0.0895 | 281.8350 | 23.0108
Shoot Tip 23.4857 0.0447 18.9207 0.1254 | 271.4732 | 8.3747
PopNAC128 | Internodes 2-3 24.2396 0.0662 18.1609 0.0315 95.0709 4.4183
Internodes 5-6 26.6129 0.0904 18.3840 0.5089 21.4164 1.3782
Xylem 25.5870 0.1062 18.5500 0.0905 48.9290 3.6025
Bark 31.5120 0.2973 18.8623 0.1466 1.0000 0.2109
Phloem-
Cambium 29.7994 0.3164 20.0124 0.2255 7.2733 1.6185
Root 25.8933 0.1436 18.3477 0.0841 34.3926 3.4274
Floral Bud 22.9194 0.0988 17.8489 0.1001 191.2194 | 13.4821
Table I11. Ct values for ANACO073 PopNAC group tissue survey
UBQ AVE UBQ
Gene Tissue AVE Ct STDEV Ct STDEV RQ STD DEV
Nodes 2-6 22.4510 0.0430 17.5586 0.0775 3.4625 0.1023
Nodes 7-12 19.8128 0.0219 17.3749 0.0880 18.9493 0.2888
LPI 1 Leaf 21.9009 0.0662 17.6690 0.2939 5.4641 0.2506
LPI 3 Leaf 21.3281 0.0571 17.4968 0.0464 7.2131 0.2852
LPI 6 Leaf 22.6826 0.1011 18.1057 0.0690 4.3022 0.3014
Shoot Tip 22.2731 0.0527 18.0127 0.0737 5.3572 0.1942
PopNAC156 | Internodes 2-3 21.5879 0.0908 17.2698 0.0080 5.1472 0.3178
Internodes 5-6 18.7301 0.1182 17.2060 0.0247 35.6977 3.0127
Xylem 17.5611 0.1451 17.4501 0.0570 95.0721 9.5721
Bark 22,5171 0.0514 17.7442 0.0614 3.7557 0.1321
Phloem-
Cambium 24.3876 0.3125 26.7777 0.1878 2.8835 0.1927
Root 29.4148 0.0967 19.2335 0.0534 16.5051 3.7882
Floral Bud 23.8075 0.1624 17.1256 0.0313 1.0000 0.1117
PopNAC154 Nodes 2-6 23.2123 0.2250 17.5586 0.0775 3.1989 0.5260
Nodes 7-12 19.9894 0.2140 17.3749 0.0880 26.4236 3.9287
LPI 1 Leaf 22.6191 0.1818 17.6690 0.2939 5.2346 0.6327
LPI 3 Leaf 22.0453 0.3294 17.4968 0.0464 6.9155 1.5750
LPI 6 Leaf 23.2593 0.2613 18.1057 0.0690 4.5461 0.8404
Shoot Tip 23.1074 0.2169 18.0127 0.0737 4.7355 0.7220
Internodes 2-3 22.2431 0.2422 17.2698 0.0080 5.1514 0.8778
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Internodes 5-6 18.9526 0.2984 17.2060 0.0247 48.2231 | 10.0039
Xylem 17.1737 0.2137 17.4501 0.0570 | 195.9910 | 29.4055
Bark 21.9564 0.2411 17.7442 0.0614 8.7303 1.4822
Phloem-
Cambium 23.7796 0.6354 19.2335 0.1878 6.9266 1.0492
Root 29.6526 0.2104 26.7777 0.0534 22.0597 | 10.2125
Floral Bud 24.4638 0.4096 17.1256 0.0313 1.0000 0.2777
Nodes 2-6 23.8683 0.0910 18.5227 0.0964 1.0435 0.0670
Nodes 7-12 22.1678 0.0817 18.0723 0.0726 2.4821 0.1420
LPI 1 Leaf 23.4770 0.0710 18.2763 0.0541 1.1538 0.0571
LPI 3 Leaf 22.8885 0.1126 18.3394 0.0305 1.8126 0.1404
LPI 6 Leaf 22.7778 0.0827 18.8173 0.1063 2.7256 0.1599
Shoot Tip 24.0497 0.1754 18.6426 0.1006 1.0000 0.1210
PopNAC157 | Internodes 2-3 23.0958 0.0289 17.8330 0.0750 1.1010 0.0220
Internodes 5-6 21.6727 0.1188 17.9665 0.0728 3.2511 0.2634
Xylem 20.5887 0.0625 18.2173 0.0724 8.2004 0.3549
Bark 22.8720 0.0974 18.5980 0.0625 2.1932 0.1467
Phloem-
Cambium 23.7541 0.1942 19.9812 0.0847 3.1040 0.4131
Root 22.3279 0.1533 18.2140 0.1111 2.4506 0.2544
Floral Bud 22.5957 0.1156 17.5955 0.0156 1.3258 0.1032
Nodes 2-6 24.4594 0.0789 18.5227 0.0964 4.8529 0.2666
Nodes 7-12 22.3465 0.0515 18.0723 0.0726 15.3624 0.5406
LPI 1 Leaf 25.6588 0.1490 18.2763 0.0541 1.7815 0.1775
LPI 3 Leaf 24.4587 0.1630 18.3394 0.0305 4.2762 0.4620
LPI 6 Leaf 24.5680 0.0953 18.8173 0.1063 5.5209 0.3647
Shoot Tip 26.8582 0.2520 18.6426 0.1006 1.0000 0.1913
PopNAC105 | Internodes 2-3 22.9115 0.0702 17.8330 0.0750 8.7973 0.4355
Internodes 5-6 22.0625 0.0543 17.9665 0.0728 17.3835 0.6649
Xylem 20.9403 0.0989 18.2173 0.0724 45.0248 3.1452
Bark 22.8829 0.0639 18.5980 0.0625 15.2492 0.6731
Phloem-
Cambium 23.0634 0.0402 18.2140 0.0847 35.0997 0.9749
Root 23.2832 0.0446 19.9812 0.1111 8.8539 0.2743
Floral Bud 23.8436 0.1924 17.5955 0.0156 3.9109 0.5257
Table IV. Ct values for XND1 PopNAC group for developmental gradient
UBQ AVE UBQ
Gene Tissue AVE Ct STDEV Ct STDEV RQ STD DEV
PopNAC122 | 2,3 Internode 26.1767 0.0615 17.7309 0.1169 1.7714 0.0764
4,5 Internode 26.1160 0.0788 17.5836 0.0995 1.6681 0.0935
6,7 Internode 24.1558 0.0345 17.5774 0.0528 6.4635 0.1555
8-10 Internode 23.8166 0.0400 17.8914 0.1044 10.1645 0.2804
Xylem 24.9088 0.0320 18.5225 0.1514 7.3837 0.1643
Bark 24.1343 0.0733 17.7770 0.0759 7.5337 0.3828
Phloem-
Cambium 23.7310 0.0322 18.1157 0.0907 12.6003 0.2782
LPI1 27.6316 0.0628 18.3609 0.1137 1.0000 0.0444
LPI 3 27.2030 0.0726 19.3554 0.0489 2.6815 0.1372
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LPI 6 27.6042 0.1516 19.8004 0.0736 2.7643 0.2992
2,3 Internode 22.9960 0.1079 17.8259 0.1506 136.1615 9.9565
4.5 Internode 22.2978 0.1096 17.7069 0.1004 203.4295 | 14.9651
6,7 Internode 23.5552 0.1053 17.6429 0.1092 81.3989 5.8416
8-10 Internode 24.1925 0.0477 17.9209 0.1578 63.4542 2.1009
Xylem 28.9217 0.1562 18.5447 0.0803 3.6867 0.3953
PopNAC129 Bark 23.4445 0.0646 17.8112 0.1212 98.7645 4.4211
Phloem-
Cambium 23.8120 0.0971 18.1160 0.1164 94.5714 6.3760
LPI 1 30.6829 0.1401 18.4236 0.0881 1.0000 0.0964
LPI 3 29.3523 0.2299 19.3792 0.0734 4.8777 0.7846
LPI 6 29.3763 0.2198 19.8639 0.0925 6.7125 0.9521
2,3 Internode 23.5931 0.1302 17.7309 0.1169 3.7170 0.3488
4.5 Internode 24.3690 0.1825 17.5836 0.0995 1.9600 0.2349
6,7 Internode 25.3337 0.0406 17.5774 0.0528 1.0000 0.0280
8-10 Internode 25.5128 0.0464 17.8914 0.1044 1.0980 0.0351
Xylem 24.8284 0.0305 18.5225 0.1514 2.7328 0.0579
PopNAC118 Bark 24.8598 0.0851 17.7770 0.0759 1.5949 0.0963
Phloem-
Cambium 24.5358 0.1238 18.1157 0.0907 2.5247 0.2243
LPI 1 23.8787 0.0858 18.3609 0.1137 4.7191 0.2866
LPI 3 23.9424 0.1114 19.3554 0.0489 8.9958 0.6811
LPI 6 24.9801 0.1248 19.8004 0.0736 5.9653 0.5025
2,3 Internode 23.6013 0.0584 17.7309 0.1169 77.4200 3.1569
4.5 Internode 25.0233 0.0863 17.5836 0.0995 26.0866 1.5366
6,7 Internode 25.4057 0.0807 17.5774 0.0528 19.9276 1.1165
8-10 Internode 24.9712 0.0564 17.8914 0.1044 33.4786 1.2995
Xylem 25.6819 0.1217 18.5225 0.1514 31.6805 2.7361
PopNAC128 Bark 29.9220 0.3027 17.7770 0.0759 1.0000 0.2026
Phloem-
Cambium 29.0582 0.0740 18.1157 0.0907 2.3013 0.1161
LPI 1 21.7272 0.0696 18.3609 0.1137 439.2042 | 21.2216
LPI 3 20.7451 0.1176 19.3554 0.0489 1728.4358 | 139.5851
LPI 6 23.2746 0.0609 19.8004 0.0736 407.5215 | 17.3765
Table V. Ct values for ANACO73 PopNAC group for developmental gradient
UBQ AVE UBQ
Gene Tissue AVE Ct STDEV Ct STDEV RQ STD DEV
2,3 Internode 21.0391 0.0538 17.8259 0.1506 6.2256 0.2299
4.5 Internode 18.8838 0.0843 17.7069 0.1004 25.5373 1.4686
6,7 Internode 18.5893 0.0388 17.6429 0.1092 29.9616 0.8042
8-10 Internode 18.6267 0.0517 17.9209 0.1578 35.3978 1.2702
Xylem 17.1767 0.0392 18.5447 0.0803 149.0301 | 4.0362
PopNAC156 Bark 22.3481 0.0665 17.8112 0.1212 2.4871 0.1157
Phloem-
Cambium 23.9675 0.0456 18.1160 0.1164 1.0000 0.0317
LPI 1 22.1236 0.0452 18.4236 0.0881 4.4429 0.1393
LPI 3 22.1037 0.0409 19.3792 0.0734 8.7356 0.2474
LPI 6 22.1535 0.0724 19.8639 0.0925 11.8093 0.5888
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2,3 Internode 21.7212 0.1889 17.8259 0.1506 2.1311 0.2638
4.5 Internode 19.0915 0.1044 17.7069 0.1004 12.1447 0.8944
6,7 Internode 18.6567 0.2771 17.6429 0.1092 15.7039 3.2729
8-10 Internode 18.7811 0.1009 17.9209 0.1578 17.4687 1.2367
Xylem 17.0716 0.0684 18.5447 0.0803 88.0374 4.0862
PopNAC154 Bark 21.1932 0.1475 17.8112 0.1212 3.0415 0.3112
Phloem-
Cambium 23.1029 0.0835 18.1160 0.1164 1.0000 0.0595
LPI 1 22.9061 0.1078 18.4236 0.0881 1.4185 0.1075
LPI 3 22.8919 0.0877 19.3792 0.0734 2.7782 0.1706
LPI 6 23.0008 0.0976 19.8639 0.0925 3.6049 0.2508
2,3 Internode 24.5419 0.1376 17.9402 0.1220 1.0000 0.0940
4.5 Internode 22.9223 0.0639 17.6977 0.0917 2.5975 0.1148
6,7 Internode 22.2226 0.0511 17.5976 0.0181 3.9359 0.1407
8-10 Internode 22.0129 0.0851 17.9283 0.0251 5.7240 0.3386
Xylem 20.6789 0.0510 18.3696 0.0729 19.5941 0.7000
PopNAC157 Bark 23.0442 0.0850 17.6990 0.0893 2.3890 0.1439
Phloem-
Cambium 23.6083 0.0713 17.9020 0.1245 1.8602 0.0917
LPI 1 25.0574 0.1102 18.4851 0.0635 1.0206 0.0781
LPI 3 24.7712 0.0852 19.3627 0.0751 2.2865 0.1367
LPI 6 23.8836 0.1298 19.8278 0.0528 5.8395 0.5225
2,3 Internode 24.0901 0.1530 17.9402 0.1220 3.2634 0.3487
4.5 Internode 22.5567 0.1241 17.6977 0.0917 7.9854 0.6835
6,7 Internode 22.3276 0.0284 17.5976 0.0181 8.7321 0.1734
8-10 Internode 22.1499 0.0417 17.9283 0.0251 12.4210 0.3579
Xylem 20.7176 0.1116 18.3696 0.0729 45.5180 3.5028
PopNAC105 Bark 22.9303 0.0512 17.6990 0.0893 6.1690 0.2173
Phloem-
Cambium 22.8416 0.0758 17.9020 0.1245 7.5513 0.3952
LPI 1 26.3415 0.0973 18.4851 0.0635 1.0000 0.0665
LPI 3 25.0513 0.0614 19.3627 0.0751 4.4929 0.1913
LPI 6 24.7102 0.0833 19.8278 0.0528 7.8564 0.4602
Table VI. Ct values for XND1 PopNAC group in response to bending stress
UBQ AVE UBQ
Gene Tissue AVE Ct STDEV Ct STDEV RQ STD DEV
Vertical Xylem 24.8527 0.0581 0.1145 19.2798 1.2706 0.0510
Tension Xylem 24.1651 0.0740 0.1716 19.0231 1.7130 0.0864
Opposite Xylem 23.4268 0.0727 0.1608 19.7024 4.5759 0.2274
Vertical Phloem-
PopNAC122 Cambium 24.3745 0.1289 0.1507 20.0361 2.9897 0.2659
Tension Phloem-
Cambium 25.3500 0.0545 0.0254 19.5957 1.1205 0.0427
Opposite Phloem-
Cambium 25.9019 0.0734 0.0443 19.9834 1.0000 0.0505
PopNAC129 Vertical Xylem 30.0388 0.1845 19.2798 0.1145 1.0000 0.1307
Tension Xylem 28.7453 0.0488 19.0231 0.1716 2.0517 0.0692
Opposite Xylem 27.4200 0.0850 19.7024 0.1608 8.2330 0.4860
Vertical Phloem-  24.1483 0.0221 20.0361 0.1507 100.2023  1.5227
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Cambium

Tension Phloem-

Cambium 23.9971 0.0824 19.5957 0.0254 81.9999 4.6752
Opposite Phloem-
Cambium 24.3524 0.0550 19.9834 0.0443 83.8645 3.1853
Vertical Xylem 25.4066 0.0747 19.2798 0.1145 2.0346 0.1055
Tension Xylem 24.7410 0.0644 19.0231 0.1716 2.7013 0.1207
Opposite Xylem 24.6792 0.1068 19.7024 0.1608 45152 0.3446
Vertical Phloem-
PopNAC118 Cambium 27.0766 0.2795 20.0361 0.1507 1.0800 0.2152
Tension Phloem-
Cambium 26.5859 0.0777 19.5957 0.0254 1.1183 0.0611
Opposite Phloem-
Cambium 26.2438 0.1240 19.9834 0.0443 1.8548 0.1634
Vertical Xylem 26.2204 0.0936 19.2798 0.1145 36.2860 2.3563
Tension Xylem 28.3022 0.0649 19.0231 0.1716 7.1745 0.3168
Opposite Xylem 26.7462 0.1879 19.7024 0.1608 33.7831 41775
Vertical Phloem-
PopNAC128 Cambium 32.2109 0.5203 20.0361 0.1507 0.9640 0.3522
Tension Phloem-
Cambium 28.3341 0.1519 19.5957 0.0254 10.4365 1.1025
Opposite Phloem-
Cambium 27.2618 0.1184 19.9834 0.0443 28.7129 2.3233
Table VII. Ct values for ANACO073 PopNAC group in response to bending stress
UBQ AVE UBQ
Gene Tissue AVE Ct STDEV Ct STDEV RQ STD DEV
Vertical Xylem 17.7756 0.1268 18.9384 0.1897 80.8934 7.0658
Tension Xylem 18.7581 0.0312 18.8194 0.2443 37.6975 0.8139
Opposite Xylem 19.0131 0.0519 19.3959 0.1301 47.1101 1.7041
Vertical Phloem-
PopNAC156 Cambium 24.8994 0.0540 19.7238 0.1419 0.9997 0.0369
Tension Phloem-
Cambium 24.3663 0.0989 19.2646 0.0927 1.0523 0.0720
Opposite Phloem-
Cambium 24.4472 0.1277 19.5631 0.0908 1.2235 0.1093
Vertical Xylem 17.5620 0.0830 18.9384 0.1897 49,7538 2.8259
Tension Xylem 17.9281 0.0721 18.8194 0.2443 35.5485 1.7758
Opposite Xylem 18.0309 0.1196 19.3959 0.1301 49.3647 4.1304
Vertical Phloem-
PopNAC154 Cambium 23.9860 0.0128 19.7238 0.1419 0.9988 0.0089
Tension Phloem-
Cambium 23.4775 0.0538 19.2646 0.0927 1.0335 0.0390
Opposite Phloem-
Cambium 23.4452 0.0482 19.5631 0.0908 1.2998 0.0432
PopNAC157 Vertical Xylem 20.7840 0.1442 18.9384 0.1897 12.1218 1.1552
Tension Xylem 21.2109 0.0421 18.8194 0.2443 8.3032 0.2451
Opposite Xylem 21.1909 0.0475 19.3959 0.1301 12.5550 0.4066
Vertical Phloem-
Cambium 25.1724 0.0691 19.7238 0.1419 0.9977 0.0479
Tension Phloem- 24.4048 0.0378 19.2646 0.0927 1.2355 0.0323
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Cambium
Opposite Phloem-
Cambium 24.3351 0.0692 19.5631 0.0908 1.5946 0.0758
Vertical Xylem 20.9637 0.1817 18.9384 0.1897 9.1378 1.1729
Tension Xylem 21.0418 0.0643 18.8194 0.2443 7.9709 0.3541
Opposite Xylem 21.8120 0.4672 19.3959 0.1301 6.9697 1.9669
Vertical Phloem-
PopNAC105 Cambium 24.9185 0.0799 19.7238 0.1419 1.0157 0.0558
Tension Phloem-
Cambium 24.4399 0.1313 19.2646 0.0927 1.0295 0.0937
Opposite Phloem-
Cambium 24.5269 0.1104 19.5631 0.0908 1.1920 0.0914
Table VIII. Differences in overall size and cell size and number in Prosss:XND1.14 versus WT
Overall Number of | Ave Internode Ave Ave Cell | Ave Vessel Ray
Plant Height Diameter | Internodes Length Cells/File* Size Frequency | Frequency
Pro35S:XND1.14 | 10.2cm 1.93 mm 17 0.6 cm 47.7 0.11cm 1.68% 16%
Wild-Type 93.7 cm 7.14 mm 44 2.13cm 62.5 0.22 cm 4.32% 26%
*p value<0.0001
Table IX. Ct values for PopNAC154 in transgenic lines
Transgenic UBQ AVE UBQ
Gene Event AVE Ct STDEV Ct STDEV RQ STD DEV
30D 18.7606 0.0571 20.6277 0.0988 40.3259 1.6097
14C 19.1270 0.0303 20.8699 0.1539 37.0003 0.7807
15D 18.7662 0.0818 20.4860 0.0898 36.4118 2.0935
16C 21.1004 0.0435 20.9244 0.1739 9.7852 0.2967
POpNAC154 9C 20.2619 0.0685 19.9655 0.1372 9.0019 0.4229
40A 36.5364 0.9811 36.1115 1.8037 8.2350 6.4049
31A 21.2506 0.0498 20.6997 0.1748 7.5459 0.2621
32C 21.2345 0.0741 20.1498 0.1646 5.2125 0.2700
11G 22.1632 0.0873 19.5119 0.1382 1.7597 0.1056
11C 23.8716 0.1203 20.4050 0.1158 1.0000 0.0827
Table X. Ct values for Prosss: XND1 in Populus transgenic lines
Transgenic UBQ AVE UBQ
Gene Event AVE Ct STDEV Ct STDEV RQ STD DEV
1 15.8846 0.0711 19.6326 0.1959 1.2579 0.0612
6 16.7830 0.0763 20.2176 0.1352 1.0123 0.0523
XND1 7 15.8247 0.1553 19.5398 0.3143 1.2295 0.1322
8 14.4636 0.1249 20.0601 0.1393 4.5302 0.3980
11 15.3671 0.1676 20.4963 0.1351 3.2765 0.3780
14 16.5979 0.1398 20.6254 0.1099 1.5268 0.1477
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