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Abstract

Wood continues to increase in importance as a sustainable source of energy and shelter. Wood
formation is a dynamic process derived from plant secondary (radial) growth. Several
experimental systems have been employed to study wood formation and its regulation. The use
of genetic manipulation approaches and genome-wide analyses in model plants have
significantly advanced our understanding of wood formation. In this review, we provide an
update of our knowledge of the genetic and hormonal regulation of wood formation based on
research in different plants systems, as well as considering the subject from an evo-devo
perspective.

Introduction

Wood (secondary xylem) is mainly composed of tracheary elements (TEs, tracheids and vessels)
and fibers, both of which have highly thickened secondary cell walls (SCWs); xylem
parenchyma also forms a minor component. Patterning of the SCWs in xylem cells is adapted
to their function. Fibers have thick and uniformly deposited walls to provide support and
protection, whereas TEs have patterned walls to facilitate water transport. Protoxylem cell
walls have annular or spiral patterning, providing elasticity to the elongating tissues.
Metaxylem cells, on the other hand, have pitted or reticulate wall patterning, making them more
rigid and durable. All of the types of xylem cells are derived from vascular cambium, the lateral
secondary meristem. Wood formation is a dynamic and continuous process which includes
cambial cell proliferation, xylem cell specification and expansion, secondary cell wall
biosynthesis and programmed cell death. Each step is highly regulated by internal and external

factors. In this review, we will first introduce various experimental systems and techniques
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used in wood formation studies, followed by an update of our knowledge about the genetic and
hormonal regulation of different developmental stages of wood formation from an “evo-devo”

perspective.

Experimental models and approaches for studying wood formation

Several different experimental systems have been used to study wood formation. Important
discoveries have been made using Zinnia cell cultures, including the identification of master
regulators of TE differentiation and factors involved in SCW biosynthesis and PCD. In addition,
Arabidopsis has emerged as an excellent model to study wood formation. Arabidopsis has a
unique genetic resource for developmental studies: a cell-type specific gene expression map
for the root vasculature [1]. Transcriptomics, combined with the genetic manipulation of
Arabidopsis, has led to the identification of several key factors regulating wood formation
(Figure 1) [2]. In several cases (see below), their tree orthologs have been shown to share a
similar function, indicating that the control of wood formation is evolutionarily conserved
between woody and herbaceous species (Figure 1).

Due to their massive capacity for wood production, trees are natural research models for this
process. Researchers have taken advantage of the large size of the multilayered cambial
meristem and wood forming tissues in a tree trunk; for example, transcriptomics and chemical
profiling have been performed at a high spatial resolution across the wood-forming region of a
Populus stem [3,4]. Tree genetics has enjoyed an increase in productivity thanks to the
development of next generation sequencing technologies and the enormous genetic diversity
of tree genomes. Genomes of several forest trees, including Populus, Eucalyptus [5], together
with the first conifer genomes, Norway and white spruce [6™, 7], have already been released.
The spruce genome will provide a powerful platform to study wood formation, enabling
researchers to conduct comparative genome-wide studies between angiosperms and
gymnosperms. One difference between the two is the xylem, which is composed solely of
tracheids in gymnosperms but of both fibers and TEs in angiosperms. Potentially reflecting this
difference in xylem cell types, only two VASCULAR RELATED NAC DOMAIN (VND) genes
(which are master regulators of xylem differentiation, see below) have been discovered in the
spruce genome, compared with seven in Arabidopsis. This result suggests that expansion of
the VND gene family was important in the development of angiosperm wood [6™].
Inaddition, genomes of some “woody” monocot species, such as bamboo and oil and date palm
trees, have been released recently [8,9,10]. Despite not having a vascular cambium, these
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species can reach a large size by producing an extensive number of vascular strands during
their growth. These genomic resources provide us novel opportunities to study the evolution
of genes that are crucial for cambium initiation and wood formation.

Complementing the advances in genomics, a breakthrough has recently taken place in tree
genetics research: the first specific, causative mutation behind a tree architectural trait has been
identified. By mapping a segregating progeny population, Dardick et al. [11™] found that the
PpeTAC1 (TILLER ANGLE CONTROL 1) gene regulates branch angle in peach; a
semidominant mutation of this gene is responsible for the standard, upright and pillar form of
peach trees. The success of the mapping approach reaffirms the possibility of discovering the
genes controlling any tree trait, including the regulation of their massive wood production in
angiosperm trees. By taking advantage of an early flowering spruce mutant “acrocona” [12],
in combination with spruce transformation technology [13], similar studies are now becoming
possible also in gymnosperm trees.

Regulation of cambium activity and cell proliferation

Recent findings have identified a peptide-receptor-transcription factor signalling pathway,
TDIF/CLE41/CLE44-TDR/PXY-WOX4, that controls cambium maintenance (Figure 1)
[14,15]. The small peptide TDIF, that is processed from the translated products of
CLEA41/CLE44 in Arabidopsis, is produced in the phloem; it interacts with its receptor, the
receptor-like kinase TDR/PXY (TDIF RECEPTOR/PHLOEM INTERCALATED WITH
XYLEM), which is expressed in (pro)cambium. WOX4, a WUSCHEL HOMEOBOX
RELATED gene, mediates this ligand-receptor signalling to regulate the maintenance of
(pro)cambium cells. Cambium activity is reduced in the hypocotyl and inflorescence stem of
the wox4 mutant, indicating that WOX4 regulates, but is not required to establish, the meristem
[14,16]. Another WOX-family gene, WOX14, acts redundantly with WOX4 to regulate cambial
cell proliferation [17]. The TDIF/CLE41/CLE44-TDR/PXY-WOQOX4 signalling pathway seems
to be evolutionarily conserved between both woody and herbaceous species, as it has been
described in both Arabidopsis and Populus [3].

Partners potentially interacting with TDR/PXY have recently been identified: the receptor-like
kinases (RLKs) ERECTA (ER) and ER-LIKEL, together with their putative ligands EPFL4 and
EPFL6 [17,18]. Their mutation enhances the tdr/pxy phenotype in vascular patterning. In
addition, two other RLKs, MORE LATERAL GROWTH1 (MOL1) and REDUCED IN
LATERAL GROWTH1 (RULZ1), represent opposing regulators of cambial activity which
probably act upstream of the TDR/PXY-WOX4 pathway. MOL1 acts as a repressor and RUL1
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as an activator of secondary growth in the inflorescence stem, which is enhanced in moll and
reduced in rull [19].

Class I KNOX transcription factors (TFs) are important in maintaining the meristematic
activity in the shoot apical meristem of Arabidopsis. Interestingly, KNOX genes are also
expressed in the cambium region during wood formation in Populus [3]. When ARK2, the
ortholog of Arabidopsis BP/KNATL1 is overexpressed, the cambium region is expanded and
xylem differentiation is inhibited; by contrast, in the knock-down lines, lignified xylem and
fiber cells appear earlier than in wildtype, indicating a role for this KNOX gene in the
regulation of secondary xylem differentiation (Figure 1) [20]. This is similar to the situation in
Arabidopsis, where ectopic lignin deposition is found in bp mutant stems [21].

Plant hormones also play important roles to regulate wood formation (Figure 1). It has been
known for a long time that auxin concentration peaks at the cambium zone in the tree stem.
Perturbing auxin signalling by over-expressing a mutated Populus IAA3 gene resulted in
reduced cell proliferation in the cambium and thus less wood formation [22]. The TDR/PXY-
WOX4 pathway appears to act downstream of auxin signalling in regulating cambial cell
proliferation [16]. The role of cytokinin as an essential regulator of cambium activity has been
demonstrated in both Arabidopsis and Populus [23,24]. Reduced cytokinin levels lead to
impaired cambial activity in tree stems [24], and secondary growth does not occur in the
Arabidopsis mutant ipt1,3,5,7 where four genes encoding the cytokinin biosynthesis enzyme
IPT are simultaneously mutated [23]. Consistent with this, secondary growth is enhanced when
cytokinin signalling is increased [25].

Ethylene acts as a positive regulator of wood formation. In Populus, ethylene treatment
promotes cambial cell proliferation [26]. In the Arabidopsis stem, ethylene appears to crosstalk
with the TDR/PXY pathway. In the tdr/pxy background, a double mutant of two ETHYLENE
INDUCED RESPONSE FACTOR genes (ERF109 and ERF018) shows reduced secondary
growth while an ethylene over-producing mutant displays enhanced growth [27]. Recently, a
genome-wide screen for Populus ERFs led to the identification of ERF genes that modify
secondary growth, wood properties and tension wood formation [28°], indicating that the
ethylene pathway also regulates various aspects of wood formation in trees.

Recent findings have identified auxin-mediated basic helix-loop-helix (bHLH) transcription
factor dimers as important factors regulating early vascular development, including TARGET
OF MONOPTEROS5S (TMO5), LONESOME HIGHWAY (LHW) and their closest homologs
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[297]. Vascular tissue differentiation was totally blocked in the roots of TMO quadruple mutants.
By contrast, co-overexprsison of TMOS5 and LHW induced dramatic periclinal divisions within
the vasculature of roots. During primary root vascular development in Arabidopsis, a
cytokinin-auxin crosstalk loop has been shown to regulate procambium activity and xylem
formation [30°]. It would be intriguing to find out how these factors interact to regulate
secondary growth in different species.

Regulation of xylem specification and cell expansion

The class 111 homeodomain leucine zipper (HD-ZIP I11) genes play important roles in xylem
specification during primary growth (Figure 1). When expression of all five HD-ZIP 111 genes
is reduced in Arabidopsis, procambium cells fail to differentiate into xylem cells [31].
Furthermore, the gradient of SHR and miR165/166 resulting from their bidirectional transport
in root modulates HD-ZIP 111 levels to regulate protoxylem differentiation in the root [31].
Brassinosteroids can also activate HD-ZIP 1l expression and thus promote xylem
differentiation [32]. The function of the HD-ZIP 111 genes during wood formation has been
recently studied in Populus. Knockdown of POPCORONA causes abnormal lignification of
pith cells, while overexpression of miRNA-resistant POPCORONA results in delayed
lignification of xylem and phloem fibers [33]. On the other hand, when a microRNA-resistant
form of popREVOLUTA was overexpressed, ectopic layers of cambium with reversed polarity
were formed within cortical parenchyma [34].

Several NAC-domain transcription factors have been identified as master regulators of xylem
differentiation. VND7 induces protoxylem and VNDG6 induces metaxylem differentiation,
whereas SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN 1/ NAC SECONDARY
WALL THICKENING PROMOTING FACTOR3 (SND1/NST3), together with NST1, promotes
fiber differentiation (Figure 2) [reviewed in 2]. Similarly, in Populus, overexpression of the
NAC domain genes PtVNS/PtrWND induces ectopic wood formation [35]. On the other hand,
another NAC domain gene, VND-INTERACTING 2 (VNI2), acts as a repressor of VND7 [36].
In Populus, galactoglucomannan oligosaccharides (GGMOs) have been identified as novel
repressors of NAC TF expression [37]. Accordingly, over-expression of the endo-mannase
gene PtrMANG suppressed secondary cell wall thickening while its silencing had the opposite
effect [37].
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Although TDIF promotes cambial cell proliferation, it inhibits vessel differentiation in leaves
and hypocotyls [14, 38]. Another group-A CLE peptide, CLE10, suppresses protoxylem vessel
formation in roots by activating cytokinin-mediated pathway [39].

Unlike auxin, which is found in the cambium, gibberellic acid (GA) is observed in the
differentiating xylem cells of tree stems [40]. When GA levels are increased by overexpressing
GA-20 oxidase in Populus, an increase in both the number and length of xylem fibres is
observed, indicating that GA promotes both cell division and xylem elongation (Figure 1) [41].
Recent analyses in Arabidopsis have revealed that xylem expansion in the hypocotyl is
promoted by flowering-related GA transport [42].

Transcriptional regulation on secondary cell wall (SCW) biosynthesis and programmed
cell death (PCD)

The NAC master regulators (VND6, VND7, NST1 and SND1/NST3) switch on the xylem
differentiation program largely by inducing the expression of two MYB TFs, MYB46 and
MYB83 (Figure 2) [43,44]. The MYB46/83 node activates the expression of a plethora of other
TFs and enzymes which are directly active in SCW biosynthesis (Figure 2) [43,44,45]. The
induced TFs either promote biosynthesis of cellulose, hemicellulose, xylan and lignin, or
alternatively act as negative feedback regulators of this process. In general, the xylem
differentiation program functions through a robust multilevel feed-forward loop, with the NACs
and the MYBs acting as master switches which directly induce many of the same genes (Figure
2). This two-level master switch system of xylem cell differentiation appears to be
evolutionarily conserved between woody and herbaceous species. Orthologs of the Arabidopsis
NAC and MYB genes have been identified, and in some cases functionally verified, in several
tree species, among them Populus (Figure 2), Eucalyptus and pine [46, 47].

The xylem cell-type specific pattern of SCW deposition is determined by cortical microtubules
(MT) that direct the movement of cellulose synthase complexes [48]. Excitingly, several novel
regulators of MT network patterning have been recently identified. Overexpression of two MT-
ASSOCIATED PROTEIN 70 (MAP70) proteins promotes spiral cell wall patterning, whereas
their silencing induces production of pitted walls [49]. By contrast, the MT-depolymerising
protein MIDD1 promotes MT depolymerization at the forming pit regions; knock-down of
MIDD1 produces pit-free walls [50]. Localization of MIDDL1 at the plasma membrane takes
place through ROP (Rho of plant) GTPase regulation, where local activation of ROP11 recruits
MIDD1 at the forming pit [517].
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PCD represents the final stage of xylem differentiation. TEs undergo PCD via a fast autolysis
mechanism that involves vacuolar collapse by tonoplast rupture, releasing digestive enzymes
(nucleases and proteases) which degrade cell components [52]. Fibers undergo PCD through a
slower pathway that requires DNA degradation and cellular dismantling before the vacuolar
collapse [52]. In Populus, the 20S proteasome (20SP) was shown to be responsible for the
caspase-3-like activity in secondary xylem development; inhibition of 20SP impairs PCD of
TEs in poplar and Arabidopsis [53]. VNDG6 induces the expression of the cysteine proteases
XCP1 (XYLEM CYSTEINE PROTEASE 1) and XCP2 [54] which participate in autolysis
during tracheary element PCD [55]. Cysteine protease METACASPASE 9 (AtMC9) has
recently been shown to be important for efficient progression of autolysis during Arabidopsis
vessel PCD [56]. The timing of PCD is regulated by the polyamine thermospermine, which is
synthesised by ACUALIS5 (ACL5). Recent studies reveal that its ectopic overexpression in
Populus delays xylem maturation [57].

Lignin is the last compound to be added to the SCW of xylem cells. Monolignols are stored
within the vacuole and released during PCD to polymerize into the cell wall [58]. Lignification
of TEs appears to be partly non-cell autonomous and continues even after the PCD [49°, 58].
Recently, miRNA control of lignification has been identified in Populus; Ptr-miR397a
participates in post-transcriptional regulation of laccase genes [597].

The recently published bamboo and palm genome sequences enable us to identify regulators
of xylem formation also in “woody” monocot species. Although their vascular bundles consist
of only primary xylem and phloem tissues, it is possible that the regulatory network of SCW
formation is evolutionary conserved. The bamboo genome contains high copy numbers of
genes that affect cell wall composition and structure, such as cellulose and lignin biosynthetic

enzymes, similar as in Populus genome [8].
Conclusions and future Perspectives

The characterization of the TDIF/CLE41/CLE44-TDR/PXY-WOX4 signalling peptide-
receptor-target module has greatly advanced our understanding of vascular regulation.
However, as discussed above, cambium identity is not affected in the wox4 mutant. Thus, the
identification of upstream/downstream factors or novel regulators that are required for
cambium identity will further reveal the mechanism of wood formation. Furthermore,

investigation of these gene families in various plant species, including monocots and non-
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vascular plants, can help us to understand the evolution of cambial development and diversity

of wood formation.

It has also been demonstrated that there is no secondary growth in ipt1,3,5,7 mutants; therefore,
looking for new genes that act downstream of the cytokinin pathway may lead to the
identification of master regulators for secondary growth. It is likely that wood formation is
regulated by a gene regulatory network (GRN) consisting of various TFs. Previously, tissue-
specific GRNs in the Arabidopsis stele have been mapped via systematic yeast one-hybrid and
two-hybrid screens to discover protein—protein interactions between the selected TFs [60]. Also,
recent comparative transcriptome analysis has able to identify several fundamental biological
processes needed for vascular formation in Arabidopsis [61]. In this in silico investigation, 107
conserved vascular gene groups were identified and these gene groups may form a complex
co-expression network with multiple functional connections. By combining genome-wide
technology, in silico analysis and genetic manipulation, a vital GRN that regulates wood
formation may be identified in the near future. Through comparative genetic analysis, this
approach can be expanded to angiosperm and gymnosperm tree species, where we can identify
GRNs specific for hardwood and softwood formation. This knowledge will provide a valuable
resource for wood properties related tree breeding.
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Figure 1. lllustration of transcriptional and hormonal regulation of wood formation.
Cross sections of Populus stems are shown; secondary vascular tissues including phloem,
cambium and xylem (wood) are displayed on the section. Different developmental stages of
wood formation can be observed in the cross section. The functions of various transcriptional
regulators and hormones (circled) in regulating cambium activity and xylem differentiation are
presented, cross-talk among these regulators is also revealed. The source of the evidence is
indicated using different font colors. Green: evidence obtained from Arabidopsis; Orange:
evidence obtained from Populus; Blue: evidence obtained from both Arabidopsis and Populus.
CK: cytokinin, GA: Gibberellin, BR: Brassinosteroid.

Figure 2. A transcriptional regulatory network controlling secondary cell wall
biosynthesis in Arabidopsis and Populus. Arabidopsis genes are presented in green and their
Populus orthologs in orange. The NAC genes (blue boxes) function as first-level master
switches; they induce expression of the second-level master switches, MYB46 and MYB83 (red
box), which in turn activates a plethora of downstream TFs (yellow boxes), as well as many
genes directly involved in secondary wall biosynthesis. The MYB target TFs promote the
biosynthesis of lignin, cellulose, hemicellulose and xylan biosynthesis. A multilevel feed-
forward loop structure is integrated in the transcriptional network: both NAC and MY B master
switches directly induce expression of many of the same genes (dashed arrows).

References and recommended reading

Papers of particular interest, published within the annual period of review, have been
highlighted as:

» of special interest
e« of outstanding interest

1. Brady SM, Orlando DA, Lee J-Y,Wang JY, Koch J, Dinneny JR, Mace D, Ohler U, Benfey
PN: A high-resolution root spatiotemporal map reveals dominant expression patterns.
Science 2007, 318:801-806.

2. Zhang J, Elo A, Helariutta Y: Arabidopsis as a model for wood formation. Curr Opin
Biotechnol 2011, 22:293-299.

3. Schrader J, Nilsson J, Mellerowicz E, Berglund A, Nilsson P, Hertzberg M, Sandberg G:
A high-resolution transcript profile across the wood-forming meristem of poplar



285
286

287
288
289
290

291
292
293

294
295
296

297
298
299
300
301

302
303
304
305

306
307

308
309
310

311
312
313

314
315

316
317
318
319

320
321
322

323
324

10.

11.

12.

identifies potential regulators of cambial stem cell identity. Plant Cell 2004, 16:2278-
2292.

Gorzsas A, Stenlund H, Persson P, Trygg J, Sundberg B: Cell-specific chemotyping and
multivariate imaging by combined FT-IR microspectroscopy and orthogonal
projections to latent structures (OPLS) analysis reveals the chemical landscape of
secondary xylem. Plant J 2011, 66: 903-914.

Grattapaglia D, Vaillancourt RE, Shepherd M, Thumma BR, Foley W, Kilheim C, Potts
BM, Myburg AA: Progress in Myrtaceae genetics and genomics: Eucalyptus as the
pivotal genus. Tree Genetics & Genomes 2012, 8:463-508.

e« Nystedt B, Street NR, Wetterbom A, Zuccolo A, Lin YC, Scofield DG, Vezzi F,
Delhomme N, Giacomello S, Alexeyenko A et al: The Norway spruce genome sequence
and conifer genome evolution. Nature 2013, 497:579-584.

The authors assembled a draft of the 20 Gb genome of the Norway spruce. This is the
first released genome of gymnosperm tree. They also generated low-coverage draft genome
assemblies of five other gymnosperms to gain insights into genome evolution. The genome
also yielded some important insights into gymnosperm biology including the lack of FT
genes and fewer VND genes.

e« Birol I, Raymond A, Jackman SD, Pleasance S, Coope R, Taylor GA, Yuen MM, Keeling
ClI, Brand D, Vandervalk BP et al: Assembling the 20 Gb white spruce (Picea glauca)
genome from whole-genome shotgun sequencing data. Bioinformatics 2013, 29:1492-
1497.

Birol et al. combined recent improvements in sequence read length with a novel
bioinformatics tool to assemble the large genome of the white spruce.

Peng Z, Lu Y, Li L, Zhao Q, Feng Q, Gao Z, Lu H, Hu T, Yao N, Liu K et al: The draft
genome of the fast-growing non-timber forest species moso bamboo (Phyllostachys
heterocycla). Nat Genet 2013, 45:456-461.

Singh R, Ong-Abdullah M, Low ET, Manaf MA, Rosli R, Nookiah R, Ooi LC, Ooi SE,
Chan KL, Halim MA et al: Oil palm genome sequence reveals divergence of interfertile
species in Old and New worlds. Nature 2013, 500:335-339.

Al-Mssallem IS, Hu S, Zhang X, Lin Q, Liu W, Tan J, Yu X, Liu J, Pan L, Zhang T et al:
Genome sequence of the date palm Phoenix dactylifera L. Nat Commun 2013, 4:2274.

¢ Dardick C, Callahan A, Horn R, Ruiz KB, Zhebentyayeva T, Hollender C, Whitaker M,

Abbott A, Scorza R: PpeTACL1 promotes the horizontal growth of branches in peach
trees and is a member of a functionally conserved gene family found in diverse plants
species. Plant J 2013, 75:618-630.

This is the first report of a positional cloning of a gene regulating a tree architecture
trait. The authors show that PpeTAC1 controls branch angle in peach, and its semidominant
mutation is behind the standard, upright and pillar forms of peach trees.

Uddenberg D, Reimegard J, Clapham D, Almqvist C, von Arnold S, Emanuelsson O,
Sundstrom JF: Early cone setting in Picea abies acrocona is associated with increased



325
326

327
328
329
330

331

332
333
334

335
336
337
338
339

340
341
342

343
344
345

346
347
348

349
350
351
352
353

354
355
356

357
358
359
360
361
362
363
364
365
366

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

transcriptional activity of a MADS box transcription factor. Plant Physiol 2013,
161:813-823.

Wadenback J, von Arnold S, Egertsdotter U, Walter MH, Grima-Pettenati J, Goffner D,
Gellerstedt G, Gullion T, Clapham D: Lignin biosynthesis in transgenic Norway spruce
plants harboring an antisense construct for cinnamoyl CoA reductase (CCR).
Transgenic Res. 2008, 17:379-392.

Hirakawa Y, Kondo Y, Fukuda H: TDIF peptide signaling regulates vascular stem cell
proliferation via the WOX4 homeobox gene in Arabidopsis. Plant Cell 2010, 22:2618-
2629.

Etchells JP, Turner SR: The PXY-CLEA41 receptor ligand pair defines a multifunctional
pathway that controls the rate and orientation of vascular cell division. Development
2010, 137:767-774.

Suer S, Agusti J, Sanchez P, Schwarz M, Greb T: WOX4 imparts auxin responsiveness
to cambium cells in Arabidopsis. Plant Cell 2011, 23:3247-3259.

Etchells JP, Provost CM, Mishra L, Turner SR: WOX4 and WOX14 act downstream of
the PXY receptor kinase to regulate plant vascular proliferation independently of any
role in vascular organisation. Development 2013, 140:2224-2234.

Uchida N, Tasaka M: Regulation of plant vascular stem cells by endodermis-derived
EPFL-family peptide hormones and phloem-expressed ERECTA-family receptor
kinases. J Exp Bot 2013, Epub ahead of print

Agusti J, Lichtenberger R, Schwarz M, Nehlin L, Greb T: Characterization of
transcriptome remodeling during cambium formation identifies MOL1 and RULL1 as
opposing regulators of secondary growth. PLoS Genet 2011, 7:1001312

Du J, Mansfield SD, Groover AT: The Populus homeobox gene ARBORKNOX2
regulates cell differentiation during secondary growth. Plant J 2009, 60:1000-1014.
Mele G, Ori N, Sato Y, Hake S: The knottedl-like homeobox gene
BREVIPEDICELLUS regulates cell differentiation by modulating metabolic
pathways. Genes Dev 2003, 17:2088-2093.

Nilsson J, Karlberg A, Antti H, Lopez-Vernaza M, Mellerowicz E, Perrot-Rechenmann C,
Sandberg G, Bhalerao RP: Dissecting the molecular basis of the regulation of wood
formation by auxin in hybrid aspen. Plant Cell 2008, 20:843-855.

Matsumoto-Kitano M, Kusumoto T, Tarkowski P, Kinoshita- Tsujimura K, Vaclavikova K,
Miyawaki K, Kakimoto T: Cytokinins are central regulators of cambial activity. Proc
Natl Acad Sci U S A 2008, 105:20027-20031.

Nieminen K, Immanen J, Laxell M, Kauppinen L, Tarkowski P, Dolezal K, Ta htiharju S,
Elo A, Decourteix M, Ljung K et al.. Cytokinin signaling regulates cambial
development in poplar. Proc Natl Acad Sci U S A 2008, 105:20032-20037.

Hejatko J, Ryu H, Kim GT, Dobesova R, Choi S, Choi SM, Soucek P, Horak J, Pekarova
B, Palme K, Brzobohaty B, Hwang I: The histidine kinases CYTOKININ-



367
368
369
370
371
372
373
374
375

376
377
378
379

380
381
382

383
384
385

386
387
388
389
390
391
392

393
394
395

396
397
398

399
400
401

402
403
404
405
406
407
408
409

26.

27.

28.

29.

30.

31.

32.

33.

INDEPENDENT1 and ARABIDOPSIS HISTIDINE KINASE2 and 3 regulate
vascular tissue development in Arabidopsis shoots. Plant Cell 2009, 21:2008-2021.

Love J, Bjorklund S, Vahala J, Hertzberg M, Kangasjarvi J, Sundberg B: Ethylene is an
endogenous stimulator of cell division in the cambial meristem of Populus. Proc Natl
Acad Sci U S A 2009, 106:5984-5989.

Etchells JP, Provost CM, Turner SR: Plant vascular cell division is maintained by an
interaction between PXY and ethylene signalling. PLoS Genet 2012, 8:e1002997.

 Vahala J, Felten J, Love J, Gorzsas A, Gerber L, Lamminmaki A, Kangasjarvi J, Sundberg
B: A genome-wide screen for ethylene-induced Ethylene Response Factors (ERFs) in
hybrid aspen stem identifies ERF genes that modify stem growth and wood properties.
New Phytol 2013, Epub ahead of print.

After showing ethylene induces secondary growth and tension wood in Populus,
the same groups were able to identify a few downstream genes of the ethylene pathway in
regulating wood formation.

» De Rybel B, Moller B, Yoshida S, Grabowicz |, Barbier de Reuille P, Boeren S, Smith
RS, Borst JW, Weijers D: A bHLH complex controls embryonic vascular tissue
establishment and indeterminate growth in Arabidopsis. Dev Cell 2013, 24:426-437.

This paper demonstrated the function of bHLH complex (TMO and LHW and
their homologs) during early vascular development. In TMO quadruple mutants, vascular
tissue differentiation was totally blocked in the root. On the contrary, co-overexpression of
TMOS5 and LHWs induce dramatic periclinal divisions within the vasculature in roots and
this effect of joint overexpression is largely greater than the added effects of individual
overexpression, supporting the notion that TMO5 and LHW function more efficiently as a
dimer to regulate vascular tissue initiation.

* Bishopp A, Help H, EI-Showk S, Weijers D, Scheres B, Friml J, Benkova E, Mé&hdnen
AP, Helariutta Y: A mutually inhibitory interaction between auxin and cytokinin
specifies vascular pattern in roots. Curr Biol 2011, 21: 917-926.

This work illustrated a mutually inhibitory feedback loop between auxin transport
and cytokinin signalling that sets distinct boundaries of hormonal output, to regulate the
vascular pattern in roots.

Carlsbecker A, Lee J-Y, Roberts CJ, Dettmer J, Lehesranta S, Zhou J, Lindgren O,
Moreno-Risueno MA, Vatén A, Thitamadee S et al.: Cell signalling by microRNA165/6
directs gene dose-dependent root cell fate. Nature 2010, 465:316-321.

Ohashi-Ito K, Fukuda H: HD-Zip 111 homeobox genes that include a novel member,
ZeHB-13 (Zinnia)/ATHB-15 (Arabidopsis), are involved in procambium and xylem
cell differentiation. Plant Cell Physiol 2003, 44: 1350-1358.

Du J, Miura E, Robischon M, Martinez C, Groover A: The Populus Class 11l HD ZIP
transcription factor POPCORONA affects cell differentiation during secondary
growth of woody stems. PLoS One 2011, 6:e17458.



410
411
412
413
414
415
416

417
418
419

420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452

453

454
455

456

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Robischon M, Du J, Miura E, Groover A: The Populus Class 111 HD ZIP,
popREVOLUTA, influences cambium initiation and patterning of woody stems.
Plant Physiol 2011, 155: 1214-1225.

Ohtani M, Nishikubo N, Xu B, Yamaguchi M, Mitsuda N, Goué N, Shi F, Ohme-Takagi
M, Demura T: A NAC domain protein family contributing to the regulation of wood
formation in poplar. Plant J 2011, 67:499-512.

Yamaguchi M, Ohtani M, Mitsuda N, Kubo M, Ohme-Takagi M, Fukuda H, Demura T:
VND-INTERACTING2, a NAC domain transcription factor, negatively regulates
xylem vessel formation in Arabidopsis. Plant Cell 2010, 22:1249-1263.

Zhao Y, Song D, Sun J, Li L: Populus endo-beta-mannanase PtrMANG6 plays a role in
coordinating cell wall remodeling with suppression of secondary wall thickening
through generation of oligosaccharide signals. Plant J 2013, 74:473-485.

Ito Y, Nakanomyo I, Motose H, Iwamoto K, Sawa S, Dohmae N, Fukuda H: Dodeca-
CLE peptides as suppressors of plant stem cell differentiation. Science 2006, 313:
842-845.

Kondo Y, Hirakawa Y, Kieber JJ, Fukuda H: CLE peptides can negatively regulate
protoxylem vessel formation via cytokinin signaling. Plant Cell Physiol 2011, 52: 37—
48.

Israelsson M, Sundberg B, Moritz T: Tissue-specific localization of gibberellins and
expression of gibberellin-biosynthetic and signaling genes in wood-forming tissues in
aspen. Plant J 2005, 44: 494-504.

Mauriat M, Moritz T: Analyses of GA200x- and GID1-overexpressing aspen suggest
that gibberellins play two distinct roles in wood formation. Plant J 2009, 58:989-
1003.

Ragni L, Nieminen K, Pacheco-Villalobos D, Sibout R, Schwechheimer C, Hardtke CS:
Mobile gibberellin directly stimulates Arabidopsis hypocotyl xylem expansion. Plant
Cell 2011, 23: 1322-1336.

Zhong R, Richardson E A, Ye Z-H: The MYB46 transcription factor is a direct target
of SND1 and regulates secondary wall biosynthesis in Arabidopsis. Plant cell 2007,
19:2776-92.

McCarthy RL, Zhong R, Ye Z-H: MYB83 is a direct target of SND1 and acts
redundantly with MYB46 in the regulation of secondary cell wall biosynthesis in
Arabidopsis. Plant Cell Physiol 2009, 50:1950-64.

Zhong R, Ye Z-H: MYB46 and MYB83 bind to the SMRE sites and directly activate
a suite of transcription factors and secondary wall biosynthetic genes. Plant Cell
Physiol 2012, 53:368-80.

Zhong R, Lee C, Ye Z-H: Evolutionary conservation of the transcriptional network
regulating secondary cell wall biosynthesis. Trends in plant science 2010, 15:625-32.



457
458
459
460
461
462
463
464
465
466
467

468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

493
494

495
496
497

498
499
500

47.

48.

49.

50.

51.

52.

53.

54.

55.

Zhong R, McCarthy RL, Haghighat M, Ye Z-H: The Poplar MYB Master Switches
Bind to the SMRE Site and Activate the Secondary Wall Biosynthetic Program
during Wood Formation. PloS one 2013, 8:€69219.

Paredez AR, Somerville CR, Ehrhardt DW: Visualization of cellulose synthase
demonstrates functional association with microtubules. Science 2006, 312:1491-5.

* Pesquet E, Korolev AV, Calder G, Lloyd CW: The microtubule-associated protein
AtMAP70-5 regulates secondary wall patterning in Arabidopsis wood cells. Curr
Biol 2010, 20:744-9.

This paper reports that MT-ASSOCIATED PROTEIN AtMAP70-5 and its binding
partner AtMAP70-1 are localized at the borders of microtubule bundles directing the
deposition of secondary cell wall thickenings. These proteins also form C-shaped
“‘spacers’’ between adjacent bundles. They regulate the spacing and patterning of cell
wall thickenings; their overexpression increases the space between thickenings, and their
silencing reduces it, resulting in a pitted pattern.

*Oda, lida Y, Kondo Y, Fukuda H: Wood cell-wall structure requires local 2D-
microtubule disassembly by a novel plasma membrane-anchored protein. Current
biology 2010, 20:1197-202.

The authors show that a novel protein, microtubule depletion domain 1 (MIDD1) is
anchored at plasma membrane at prospective secondary cell wall pit sites. MIDD1
promotes microtubule disassembly, and thus prevents microtubule-directed cell wall
deposition at the forming pit area.

» Oda Y, Fukuda H: Initiation of cell wall pattern by a Rho- and microtubule-driven
symmetry breaking. Science 2012, 337:1333-6.

This paper describes a novel regulation mechanism for the secondary cell wall
patterning of xylem cells. The authors identified ROP11 (Rho of plant) as a factor that in
its active form recruits MIDD1 at the plasma membrane, where it it promotes MT
depolymerization and subsequent pit formation.

Courtois-Moreau CL, Pesquet E, Sjodin A, Mufiiz L, Bollhdoner B, Kaneda M, Samuels L,
Jansson S, Tuominen H: A unique program for cell death in xylem fibers of Populus
stem. Plant J 2009, 58:260-74.

Han J-J, Lin W, Oda Y, Cui K-M, Fukuda H, He X-Q: The proteasome is responsible
for caspase-3-like activity during xylem development. Plant J 2012, 72:129-41.

Ohashi-Ito K, Oda Y, Fukuda H: Arabidopsis VASCULAR-RELATED NAC-
DOMAING directly regulates the genes that govern programmed cell death and
secondary wall formation during xylem differentiation. Plant cell 2010, 22:3461-73.

Avci U, Petzold HE, Ismail 10, Beers EP, Haigler CH: Cysteine proteases XCP1 and
XCP2 aid micro-autolysis within the intact central vacuole during xylogenesis in
Arabidopsis roots. Plant J 2008, 56:303-15.



501
502
503

504
505
506
507

508
509
510

511
512
513

514
515
516

517
518
519

520
521
522

56.

57.

58.

59.

60.

61.

Bollhéner B, Zhang B, Stael S, Denancé N, Overmyer K, Goffner D, Van Breusegem F,
Tuominen H: Post mortem function of AtMC9 in xylem vessel elements. New Phytol
2013, Epub ahead of print.

Milhinhos A, Prestele J, Bollhdner B, Matos A, Vera-Sirera F, Rambla JL, Ljung K,
Carbonell J, Blazquez M A, Tuominen H, et al.: Thermospermine levels are controlled
by an auxin-dependent feedback loop mechanism in Populus xylem. Plant J 2013,
75:685-98.

Pesquet E, Zhang B, Gorzsas A, Puhakainen T, Serk H, Escamez S, Barbier O, Gerber L,
Courtois-Moreau C, Alatalo E, et al.: Non-cell-autonomous postmortem lignification of
tracheary elements in Zinnia elegans. The Plant cell 2013, 25:1314-28.

eLuS, LiQ, Wei H, Chang M-J, Tunlaya-Anukit S, Kim H, Liu J, Song J, Sun Y-H, Yuan
L et al.: Ptr-miR397a is a negative regulator of laccase genes affecting lignin content
in Populus trichocarpa. Proc Natl Acad Sci U S A 2013, 110: 10848-10853.

The authors provided the first evidence of miRNA mediated regulation of lignin
biosynthesis and suggested Ptr-miR397a as a master regulator for lignin polymerization
through direct targeting of laccases genes.

Brady SM, Zhang L, Megraw M, Martinez NJ, Jiang E, Yi CS, Liu W, Zeng A, Taylor-
Teeples M, Kim D et al: A stele-enriched gene regulatory network in the Arabidopsis
root. Molecular Systems Biology 2011, 7:4509.

Xu P, Kong Y, Li X, Li L: Identification of molecular processes needed for vascular
formation through transcriptome analysis of different vascular systems. BMC
Genomics 2013, 14:217.



Phloem (bark) Cambium Xylem (wood)

| | |
4 “ g *‘ “%’!“ J i IR I —
°® Y 71y
CULRT RS
L PN A TN R

IS 'ﬂ' ) -
‘Q ALY

AT 1685
AV vA)

-
o A -

«—CAwin > |

e

WOX4 ¢ TDIF/CLEA1/44
WOX14 -TDR/PXY

1 ey

. AERF109 |~ \ Populus
AtERF018 ERFs

<—— ER, ERL1 €<— EPFL4/6

< N ———

BR_D——>AtHD-ZIP Il

POPREVOLUTA ———>
POPCORONA

S~ Flowering

Cambium Xylem
maintenance differentiation

Figure 1. Illustration of transcriptional and hormonal regulation on wood formation.
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Figure 2: Transcriptional network of biosynthesis of secondary cell wall.



