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Highlights 
In plants, pluripotent cells in meristems divide to provide cells for the formation of postembryonic 
tissues. The cambium is the meristem from which the vascular tissue is derived and is the main driver 
for secondary (radial) growth in dicots. Xylem and phloem are specified on opposing sides of the 
cambium, and tightly regulated cell divisions ensure their spatial separation. Peptide ligands, 
phytohormones, and their receptors are central to maintaining this patterning and regulating 
proliferation. Here, we describe recent advances in our understanding of how these signals are 
integrated to control vascular development and secondary growth. 
 
Introduction 
A prerequisite for size is structural support, and the ability to distribute water and nutrients. The 
vascular tissue performs these functions, with xylem providing mechanical strength and movement of 
water and solutes from roots, and phloem distributing photosynthates and bulk flow of 
phytohormones (reviewed in [1, 2]) including auxin [3], cytokinin [4-7], gibberellin [8-10] and abscisic 
acid (ABA) [11-14], to facilitate physiological responses and regulate plant development. Specification 
of xylem and phloem cell-type-identity and function has been summarised in recent reviews [15-22]. 
Here, we review signalling mechanisms that regulate the homeostasis of the cambium, the 
meristematic tissue from which the xylem and phloem are derived.  
 
Hormone harmonies 
Most plant hormones play a role in the regulation of cambial activity [10, 23-25], but the most 
prominent and well-studied are auxin and cytokinin. Auxin is involved in numerous developmental 
processes, operating through a signalling pathway that includes auxin/indole-3-acetic acid inducible 
Aux/IAA proteins, TRANSPORT INHIBITOR RESPONSE 1 (TIR1) receptor, and the AUXIN RESPONSE 
FACTOR (ARF) family of genes [26-31]. ARFs act as transcriptional regulators [30, 31]. Of these, 
ARF5/MONOPTEROS (MP) regulates proliferation in the vascular stem cell niche, as well as performing 
distinct roles in early and late stages of vascular development. During embryogenesis, mp mutants fail 
to establish a central axis in the provascular cylinder [32, 33]. Weak mp alleles also demonstrate 
disrupted auxin transport [32, 34, 35] due to MP directly activating transcription of several PIN-
FORMED (PIN) auxin efflux transporters [36, 37]. Thus, in early development, MP promotes vascular 
proliferation. Late in development, during secondary growth, mp mutants demonstrate increased 
cambial divisions, suggesting that in this context MP suppresses vascular expansion [38, 39]. 
Conversely, other auxin response factors, ARF3 and ARF4, have been shown to operate in concert to 
upregulate cambium activity [39]. 
 
Cytokinin also contributes to cambium development, with loss of cytokinin-synthesizing genes 
deterring cambium formation and thus radial vascular expansion [40, 41]. Cytokinin signalling occurs 
via a phosphorelay, which begins with cytokinin perception by its family of receptors CYTOKININ 
RESPONSE 1 (CRE1)/WOODEN LEG (WOL)/Arabidopsis HISTIDINE KINASE4 (AHK4), AHK2 and AHK3 
[41-45]. Following perception, ARABIDOPSIS PHOSPHOTRANSFER PROTEINS (AHPs) AHP1-AHP6 are 
activated [46-48], with AHP1-AHP5 promoting cytokinin signalling, and AHP6, acting as a pseudo-AHP 
and thus as a negative regulator of the signal [46-49]. In the final steps of the signalling cascade, AHPs 
1-5 phosphorylate type-B ARABIDOPSIS THALIANA RESPONSE REGULATORS (ARRs), transcription 



factors that promote cytokinin responses including vascular proliferation. AHPs also trigger the 
transcription of type-A ARRs, which in turn suppress cytokinin responses, thus buffering the system 
[50-55]. 
 
Auxin and cytokinin ratios influence the balance between cell division and differentiation during plant 
development [56-61]. Their concentration gradients span the vascular tissue with a cytokinin maxima 
in the phloem, and an auxin maxima on the xylem side of the cambium (Figure 1)[38, 39, 62]. Cross-
talk between these hormones is likely important in establishing the auxin/cytokinin ratios. Auxin 
stimulates the expression of cytokinin oxidase (CKX), a major cytokinin deactivating enzyme [63], and 
suppresses the transcription of isopentenyl transferase (IPT) genes that encode cytokinin-promoting 
enzymes [64, 65]. Auxin also increases expression of AHP6 which as described above dampens 
cytokinin signalling [5, 47, 49]. In the root xylem axis, MP/ARF5 promotes the transcription of TARGET 
OF MONOPTEROS 5 (TMO5), a bHLH transcription factor that forms a heterodimer with LONESOME 
HIGHWAY (LHW). In turn, the TMO5-LHW heterodimer upregulates cytokinin biosynthesis genes 
LONELY GUY3/4 (LOG3/4) [66, 67]. Cytokinin notoriously acts on auxin by controlling distribution and 
levels of auxin transport’s main conductors, the PIN-FORMED (PIN) proteins [5, 58, 60, 68, 69]. 
Cytokinin application strongly affects PIN transcription levels, downregulating PIN1-PIN4 and 
upregulating PIN7 [60]. In developing roots and shoots, transcription levels of auxin biosynthesis genes 
were stimulated by cytokinin, thus promoting auxin production [70]. Cytokinin also induces expression 
of group of related DOF-family transcription factors, DOF2.1, DOF6, TMO6, PHLOEM EARLY DOF 1 
(PEAR1), PEAR2, OBF BINDING PROTEIN 2 (OBP2) and HIGH CAMBIAL ACTIVITY 2 (HCA2) which 
promote procambial cell divisions [71-73]. 
 
Peptides and proliferation 
Peptide ligands and their cognate receptors contribute substantially to secondary growth and 
patterning. The cambium-expressed leucine-rich repeat receptor-like protein kinase (LRR-RLK) 
PHLOEM INTERCALATED WITH XYLEM (PXY), also known as TDIF-RECEPTOR (TDR) [74, 75] and its 
phloem-expressed ligand TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR (TDIF) are 
essential for cell proliferation and division plane specification (Figure 1; Figure 2a) [75-79]. TDIF, 
encoded by CLAVATA3/ENDOSPERM SURROUNDING REGION 41 (CLE41), CLE42 and CLE44, was 
identified as a repressor of xylem differentiation and is structurally similar to CLAVATA3 (CLV3) [76], a 
peptide ligand that regulates meristem maintenance in shoots and signals to receptor CLV1 [80, 81]. 
pxy mutants were first described as lacking separation between cambium-derived phloem and xylem 
tissues and as having disrupted orientation of cambial cell divisions [74]. Hirakawa et al. (2008) 
independently identified PXY by testing loss-of-function mutants in relatives of CLV1, for TDIF 
insensitivity [75].  
 
Since CLV signalling acts to repress expression of homeodomain transcription factor WUSCHEL (WUS) 
[82, 83], potential transcript targets of TDIF/PXY signalling were hypothesised to be members of the  
WUSCHEL-RELATED HOMEOBOX (WOX) family [84, 85]. WOX4 exhibited a rise in expression levels 
following TDIF treatment, and WOX14 was identified as being down-regulated in pxy mutants. Both 
WOX4 and WOX14 were seen to stimulate cambial cell proliferation [78, 79], with WOX14 
cooperatively controlling expression of LOB DOMAIN-CONTAINING PROTEIN (LBD4) transcription 
factor with a DOF transcription factor, TMO6 (Figure 1, 2a) [86]. 
 
The PXY/TDIF signalling module influences outputs of auxin signalling. For instance, PXY acts to 
represses one glycogen synthase kinase-3 (GSK3), BIN2-LIKE 1 (BIL1). In the absence of PXY, BIL1 
phosphorylates MP (Figure 2A), which is thought to loosen MP’s interaction with an IAA suppressor, 
thus releasing it to control gene expression [38]. Recently, Smetana et al (2019) have reported a 
positive influence of auxin/MP on PXY expression in the initial stages of cambium formation in roots 
[87]. Since the PXY-BIL1-MP negative interactions were shown to function in the stem [38], an 



interesting question is whether a negative feedback loop might exist between MP and PXY, wherein 
MP attenuates its own activity by boosting PXY expression – or whether the regulation is organ-
specific. While PXY represses BIL1, it activates other GSK3s and most notably, BRASSINOSTEROID 
INSENSITIVE 2 (BIN2) in the presence of TDIF. Active BIN2, in turn, phosphorylates a transcription 
factor BRI1 EMS SUPPRESSOR 1 (BES1), marking it for degradation. BES1 promotes xylem 
differentiation (Figure 1, 2A), thus its removal protects the cambium from differentiation [88].  
 
A ring of receptors 
LRR-RLKs of the SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK) family, including BRI1-
ASSOCIATED RECEPTOR KINASE 1 (BAK1), are thought to form complexes with PXY at the plasma 
membrane in the presence of TDIF (Figure 2A) [89]. BAK1 also functions as a co-receptor for 
brassinolide with BRASSINOSTEROID INSENSITIVE 1 (BRI1), and as a co-receptor for bacterial flagellin 
peptide (flg22) with FLAGELLIN SENSING 2 (FLS2), and in these interactions the ligands act as molecular 
glue for the BAK1-BRI1 and BAK1-FLS2 interaction [90-92]. The PXY-SERK interactions likely differ from 
those described for other receptors. PXY LRR domains are shorter, and the receptor domain lacks the 
curvature of BRI1 and FLS2. TDIF binds PXY further from the membrane, clear of the BAK1-PXY 
interaction site and is thus its function in this respect is distinct in that it is unlikely to mediate a SERK-
RLK interaction [93].  
 
In pursuit of other vascular regulators, Yang et al. (2019) analysed gain-of-function activation-tagging 
lines, one of which, xvp-d, demonstrated pxy-like morphology [94] (Figure 2). XVP encodes a cambium-
expressed transcription factor of the NAC family which surprisingly localised to the plasma membrane. 
Bimolecular fluorescence complementation (BiFC), a split ubiquitin yeast-two-hybrid system (mbSUS) 
and a Fluorescence Resonance Energy Transfer (FRET) assay support the notion that XVP binds to the 
PXY-BAK1 complex (Figure 1; Figure 2A, D, E). Removal of XVP enhanced TDIF activity, suggesting that 
XVP represses vascular proliferation by allowing xylem differentiation to occur. xvp-d gain-of-function 
lines demonstrated increased CLE44 expression, while CLE41 and CLE44 overexpression lines 
demonstrated reduced XVP expression. Thus, XVP promotes the expression of TDIF-encoding genes, 
but suppresses the TDIF signal and is itself repressed by TDIF (Figure 2A) [94].  
 
In the hypocotyl, ERECTA (ER) and its paralogues ERECTA-LIKE (ERL1) and ERECTA-LIKE (ERL2) have 
been reported to promote auxin biosynthesis [95]. Of these, ER and ERL1, have been shown to prevent 
premature xylem fibre formation, as er erl1 lines exhibited precocious fibre differentiation [96]. er 
enhances the loss-of-function phenotype for another LRR-RLK, SUPPRESSOR OF BIR-1 
(SOBIR1)/EVERSHED (EVR) [97], which is also responsible for preventing early xylem fibre formation in 
Arabidopsis hypocotyls. ER and SOBIR1 physically interact at the plasma membrane to perform this 
function. ER family members regulate not only the xylem, but also the cambium. ER and ERL1 are 
thought to restrict radial expansion of hypocotyls as er erl1 lines exhibit increases in xylem area (Figure 
1; Figure 2A) [96]. By contrast, the er erl1 erl2 triple mutants demonstrate a reduction in secondary 
growth [98], thus interplay between these three receptors in the context of cambium regulation 
requires further investigation.  
 
ER family regulation of vascular development occurs via a genetic interaction with members of the 
PXY gene family. In the absence of the PXY gene family (PXY, PXY-LIKE 1(PXL1) and PXL2), vascular cells 
are larger, however this increase is dependent upon ER and ERL2, as pxy pxl1 pxl2 er erl2 lines have 
cell sizes similar to those of wild type. Removing all members of both families prevented the transition 
to true secondary growth, as cell division was vastly reduced and phloem was present in poles rather 
than a continuous ring as is the case in wild type. Thus, interacting PXY and ER families regulate cell 
division, cell size, and organisation in the vascular tissue (Figure 1; Figure 2B, C) [98].  
 



Like ER and ERL1, a LRR-RLK, MORE LATERAL GROWTH (MOL1), also suppresses cambial activity as 
mol1 mutants demonstrated larger cambium-derived domains compared to wild type [99, 100]. MOL1 
was identified in a set of experiments where Arabidopsis inflorescence stem explants were subjected 
to auxin (NAA) treatments. These treatments initiated cambium formation in the explants which were 
then subjected to transcriptome analysis. REDUCED IN LATERAL GROWTH (RUL1), a receptor with a 
positive effect on cambium activity was additionally identified in these experiments [99]. While ER’s 
signal peptides have been determined to belong to the EPIDERMAL PATTERNING FACTOR LIKE (EPFL) 
family [101-108], exactly which of them control cell division in the cambium is yet to be determined. 
Ligands for MOL1, RUL1 and SOBIR1 are also to be discovered. 
 
Ontogeny of the Organiser 
The cambium represents a group of mostly periclinally dividing cells with the ability to generate xylem 
and phloem, on its two opposite sides [87, 109, 110]. A vascular organizer in xylem cells adjacent to 
the initiating cambium that is characterized by high auxin levels, imposes stem-cell function on its 
neighbour to initiate cambial divisions [87]. Since at the secondary growth stage xylem cells have 
already undergone programmed cell death thus stripping them from signalling ability, Smetana et al. 
(2019) proposed that cell identity information must be passed on earlier, during xylem formation [87]. 
Auxin, acting through MP, ARF7 and ARF19, promotes the expression of HD-ZIP III genes, which have 
been previously reported as regulators of xylem identity [111-114] downstream of auxin [115, 116]. 
Here, they were linked to the correct establishment of the vascular organizer [87]. WOX4 and PXY, 
which are required for auxin responses in the cambium [117], were also required in the stem-cell 
organizer [87].  
 
While Smetana et al. (2019) characterised the ability of the xylem to specify the position of the 
initiating cambium in adjacent cells in the Arabidopsis root [87], Shi et al. (2019) aimed to explore 
pattern in the established hypocotyl vasculature [109]. The cambium was found to be separated into 
three distinct sub-domains in each cell file along the radial axis – proximal, central, and distal. 
Independently, both Smetana et al. (2019) and Shi et al. (2019) defined PXY and WOX4 as part of the 
xylem-facing side of the cambium, i.e. the organizer side of the cambium, verifying the importance of 
these components for the cambium activity [87, 109]. They also confirmed a long-standing hypothesis 
in which the cambium stem cells (central) are flanked by mother cells of the xylem (proximal) and 
phloem (distal) within each vascular cell file [118]. 
 
Sapling similarities 
A significant proportion of the molecular mechanisms controlling cambium growth and development 
comes from studies of Arabidopsis, but evidence suggests that much is conserved in forest trees. One 
such example is ethylene, which promotes cell division in the cambium of both Arabidopsis and poplar 
[23, 119]. In poplar, ethylene-induced ETHYLENE RESPONSE FACTORS (ERFs) that were overexpressed 
altered wood formation and stem diameter [120]. Our understanding of the distribution of auxin and 
cytokinin in the dividing cambia and phloem arose from experiments in poplar. These patterns are 
supported by transcript profiling showing that cytokinin and auxin responses coincide with tissue-
specific hormonal gradients. Transgenic Populus with elevated cytokinin biosynthesis displayed 
increases in cambial auxin concentration and a dramatic increase in secondary growth, confirming the 
auxin-cytokinin connection [62, 121].  
 
Alongside the TDIF-PXY-WOX4 signalling module [122, 123], further members of the CLE family also 
regulate the cambium in poplar. PttCLE47 positively regulates cell division in the vascular cambium, 
as its repression led to reduced secondary xylem formation. PttCLE47 appears to act in a cell-
autonomous fashion in the vascular cambium [124]. By contrast, PtrCLE20, expressed specifically in 
developing xylem, was found to reduce cambial divisions in part by reducing PtrWOX4 expression 
[125]. Thus, CLE peptides influence the cambium from opposing sides; PttCLE41 (from which TDIF is 



derived) acting from phloem, PtrCLE20 from the xylem, and PttCLE47 operating from within the 
cambium [122-125].  
 
Conclusions 
Interactions between LRR-RLKs, their ligands, cytoplasmic signalling intermediates, and their targets 
are increasingly well-defined in our understanding of cambium regulation [126, 127]. A recent study 
has proposed a transcriptional network that may explain many of the relationships between these 
components [86]. Identification of further signalling elements, such as ligands for MOL1 and RUL1 will 
help refine this picture. Remaining challenges surround hormones such as gibberellic acid and 
jasmonic acid, known to contribute to radial growth [24, 128], but whose role in the existing networks 
is largely unexplored. Much of what we know has also been characterised in a single tissue type, but 
differences in cambium regulation occur along the apical-basal axis of the plant [98] and how those 
differences underpin variations in morphology remains unclear. Finally, this review has focussed 
mostly on Arabidopsis, and entirely on dicot species. A recent analysis of cambium-regulating genes 
identified a small number of genes that were absent in the monocot clade [129]. Thus, an important 
question concerns how these networks may have been modified to give rise to the significantly 
different scattered vascular morphology of grass species.  
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Figures and legends 

 
Figure 1. Stylised depiction of protein distribution and auxin and cytokinin accumulation across the 
vascular cambium in wild type plants. Cytokinin has a concentration maxima in the phloem; auxin on 
xylem–adjacent cambium. RLK’s MOL1 and PXY are expressed on phloem facing and xylem facing 
cambium, respectively; ERf receptor expression spans the cambium. TDIF ligand is expressed in the 
phloem and perceived by PXY. Transcription factors WOX4, WOX14, and XVP exhibit maxima in the 
cambium. BES1 is present in the xylem; TMO6 and LBD4 expression as at the edge of the cambium 
on the phloem side.   

 

 

Figure 2. Signals that regulate cambium activity in Arabidopsis. (A) Schematic representation of 
phloem, cambium and xylem with signal components shown in the plasma membrane (PM), 



cytoplasm, and nucleus. RLK’s are shown in the PM, PXY ligand components are blue, transcription 
factors are yellow, and GSK3’s are grey. ‘??’ on blue dashed arrows indicates limited understanding 
(signals promoting XCP translocation to the nucleus are not known; partial evidence for a physical 
interaction between PXY and ER family receptors has been reported).  ‘P’ indicates phosphorylation. 
(B-C) Hypocotyl transverse sections, with wild type (WT; B) showing distinct phloem (ph), xylem (xy) 
and cambial (ca) domains. (C) Loss of both PXY and ER family of genes results in loss of distinct tissue 
domains. Plants also fail to make the transition to true secondary growth. (D-E) Stem sections 
stained for lignin, adapted from Yang et al. (2019), with the permission from the publisher. (D) WT 
shows lignin deposition and thus xylem differentiation in a single arc (D). xvp-d/+ lines demonstrate 
premature xylem differentiation in the regions marked by arrowheads. 

References 
1. Robert, H.S., and Friml, J. (2009). Auxin and other signals on the move in plants. Nature 

chemical biology 5, 325-332. 
2. Hoad, G. (1995). Transport of hormones in the phloem of higher plants. Plant Growth 

Regulation 16, 173-182. 
3. Swarup, R., Friml, J., Marchant, A., Ljung, K., Sandberg, G., Palme, K., and Bennett, M. (2001). 

Localization of the auxin permease AUX1 suggests two functionally distinct hormone 
transport pathways operate in the Arabidopsis root apex. Genes & development 15, 2648-
2653. 

4. Hirose, N., Takei, K., Kuroha, T., Kamada-Nobusada, T., Hayashi, H., and Sakakibara, H. 
(2008). Regulation of cytokinin biosynthesis, compartmentalization and translocation. 
Journal of experimental botany 59, 75-83. 

5. Bishopp, A., Help, H., El-Showk, S., Weijers, D., Scheres, B., Friml, J., Benková, E., Mähönen, 
A.P., and Helariutta, Y. (2011). A mutually inhibitory interaction between auxin and cytokinin 
specifies vascular pattern in roots. Current Biology 21, 917-926. 

6. Kudo, T., Kiba, T., and Sakakibara, H. (2010). Metabolism and long‐distance translocation of 
cytokinins. Journal of Integrative Plant Biology 52, 53-60. 

7. Muraro, D., Mellor, N., Pound, M.P., Help, H., Lucas, M., Chopard, J., Byrne, H.M., Godin, C., 
Hodgman, T.C., King, J.R., et al. (2014). Integration of hormonal signaling networks and 
mobile microRNAs is required for vascular patterning in <em>Arabidopsis</em> roots. 
Proceedings of the National Academy of Sciences 111, 857-862. 

8. Lavender, D., Sweet, G., Zaerr, J., and Hermann, R. (1973). Spring shoot growth in Douglas-fir 
may be initiated by gibberellins exported from the roots. Science 182, 838-839. 

9. Hoad, G., and Bowen, M. (1968). Evidence for gibberellin-like substances in phloem exudate 
of higher plants. Planta 82, 22-32. 

10. Israelsson, M., Sundberg, B., and Moritz, T. (2005). Tissue‐specific localization of gibberellins 
and expression of gibberellin‐biosynthetic and signaling genes in wood‐forming tissues in 
aspen. The Plant Journal 44, 494-504. 

11. Everant‐Bourbouloux, A. (1982). Transport and metabolism of labelled abscisic acid in broad‐
bean plants (Vicia faba L.). Physiologia Plantarum 54, 431-439. 

12. Ikegami, K., Okamoto, M., Seo, M., and Koshiba, T. (2009). Activation of abscisic acid 
biosynthesis in the leaves of Arabidopsis thaliana in response to water deficit. Journal of 
plant research 122, 235. 

13. Jiang, F., and Hartung, W. (2008). Long-distance signalling of abscisic acid (ABA): the factors 
regulating the intensity of the ABA signal. Journal of experimental botany 59, 37-43. 

14. Zeevaart, J.A., and Boyer, G.L. (1984). Accumulation and transport of abscisic acid and its 
metabolites in Ricinus and Xanthium. Plant Physiology 74, 934-939. 

15. Brodersen, C.R., Roddy, A.B., Wason, J.W., and McElrone, A.J. (2019). Functional status of 
xylem through time. Annual review of plant biology 70, 407-433. 



16. Kondo, Y., Tamaki, T., and Fukuda, H. (2014). Regulation of xylem cell fate. Frontiers in plant 
science 5, 315. 

17. Růžička, K., Ursache, R., Hejátko, J., and Helariutta, Y. (2015). Xylem development–from the 
cradle to the grave. New Phytologist 207, 519-535. 

18. Anne, P., and Hardtke, C.S. (2018). Phloem function and development—biophysics meets 
genetics. Current opinion in plant biology 43, 22-28. 

19. Blob, B., Heo, J.-o., and Helariutta, Y. (2018). Phloem differentiation: an integrative model 
for cell specification. Journal of plant research 131, 31-36. 

20. Heo, J.o., Roszak, P., Furuta, K.M., and Helariutta, Y. (2014). Phloem development: current 
knowledge and future perspectives. American journal of botany 101, 1393-1402. 

21. López-Salmerón, V., Cho, H., Tonn, N., and Greb, T. (2019). The phloem as a mediator of 
plant growth plasticity. Current Biology 29, R173-R181. 

22. Otero, S., and Helariutta, Y. (2016). Companion cells: a diamond in the rough. Journal of 
experimental botany, erw392. 

23. Love, J., Björklund, S., Vahala, J., Hertzberg, M., Kangasjärvi, J., and Sundberg, B. (2009). 
Ethylene is an endogenous stimulator of cell division in the cambial meristem of Populus. 
Proceedings of the National Academy of Sciences 106, 5984-5989. 

24. Sehr, E.M., Agusti, J., Lehner, R., Farmer, E.E., Schwarz, M., and Greb, T. (2010). Analysis of 
secondary growth in the Arabidopsis shoot reveals a positive role of jasmonate signalling in 
cambium formation. The Plant Journal 63, 811-822. 

25. Agusti, J., Herold, S., Schwarz, M., Sanchez, P., Ljung, K., Dun, E.A., Brewer, P.B., Beveridge, 
C.A., Sieberer, T., Sehr, E.M., et al. (2011). Strigolactone signaling is required for auxin-
dependent stimulation of secondary growth in plants. Proceedings of the National Academy 
of Sciences 108, 20242-20247. 

26. Gray, W.M., Del Pozo, J.C., Walker, L., Hobbie, L., Risseeuw, E., Banks, T., Crosby, W.L., Yang, 
M., Ma, H., and Estelle, M. (1999). Identification of an SCF ubiquitin–ligase complex required 
for auxin response in Arabidopsis thaliana. Genes & development 13, 1678-1691. 

27. Gray, W.M., Kepinski, S., Rouse, D., Leyser, O., and Estelle, M. (2001). Auxin regulates SCF 
TIR1-dependent degradation of AUX/IAA proteins. Nature 414, 271-276. 

28. Kieffer, M., Neve, J., and Kepinski, S. (2010). Defining auxin response contexts in plant 
development. Current opinion in plant biology 13, 12-20. 

29. Mockaitis, K., and Estelle, M. (2008). Auxin receptors and plant development: a new 
signaling paradigm. Annual review of cell and developmental biology 24. 

30. Ulmasov, T., Hagen, G., and Guilfoyle, T.J. (1997). ARF1, a transcription factor that binds to 
auxin response elements. Science 276, 1865-1868. 

31. Ulmasov, T., Hagen, G., and Guilfoyle, T.J. (1999). Activation and repression of transcription 
by auxin-response factors. Proceedings of the National Academy of Sciences 96, 5844-5849. 

32. Hardtke, C.S., and Berleth, T. (1998). The Arabidopsis gene MONOPTEROS encodes a 
transcription factor mediating embryo axis formation and vascular development. The EMBO 
journal 17, 1405-1411. 

33. Berleth, T., and Jurgens, G. (1993). The role of the monopteros gene in organising the basal 
body region of the Arabidopsis embryo. Development 118, 575-587. 

34. Bhatia, N., Bozorg, B., Larsson, A., Ohno, C., Jönsson, H., and Heisler, M.G. (2016). Auxin acts 
through MONOPTEROS to regulate plant cell polarity and pattern phyllotaxis. Current 
Biology 26, 3202-3208. 

35. Przemeck, G.K., Mattsson, J., Hardtke, C.S., Sung, Z.R., and Berleth, T. (1996). Studies on the 
role of the Arabidopsis gene MONOPTEROS in vascular development and plant cell 
axialization. Planta 200, 229-237. 

36. Wenzel, C.L., Schuetz, M., Yu, Q., and Mattsson, J. (2007). Dynamics of MONOPTEROS and 
PIN‐FORMED1 expression during leaf vein pattern formation in Arabidopsis thaliana. The 
Plant Journal 49, 387-398. 



37. Krogan, N.T., Marcos, D., Weiner, A.I., and Berleth, T. (2016). The auxin response factor 
MONOPTEROS controls meristem function and organogenesis in both the shoot and root 
through the direct regulation of PIN genes. New Phytologist 212, 42-50. 

38. Han, S., Cho, H., Noh, J., Qi, J., Jung, H.-J., Nam, H., Lee, S., Hwang, D., Greb, T., and Hwang, I. 
(2018). BIL1-mediated MP phosphorylation integrates PXY and cytokinin signalling in 
secondary growth. Nature plants 4, 605-614. 

39. Brackmann, K., Qi, J., Gebert, M., Jouannet, V., Schlamp, T., Grünwald, K., Wallner, E.-S., 
Novikova, D.D., Levitsky, V.G., Agustí, J., et al. (2018). Spatial specificity of auxin responses 
coordinates wood formation. Nature communications 9, 1-15. 

40. Matsumoto-Kitano, M., Kusumoto, T., Tarkowski, P., Kinoshita-Tsujimura, K., Václavíková, K., 
Miyawaki, K., and Kakimoto, T. (2008). Cytokinins are central regulators of cambial activity. 
Proceedings of the National Academy of Sciences 105, 20027-20031. 

41. Hejátko, J., Ryu, H., Kim, G.-T., Dobešová, R., Choi, S., Choi, S.M., Souček, P., Horák, J., 
Pekárová, B., Palme, K., et al. (2009). The histidine kinases CYTOKININ-INDEPENDENT1 and 
ARABIDOPSIS HISTIDINE KINASE2 and 3 regulate vascular tissue development in Arabidopsis 
shoots. The Plant Cell 21, 2008-2021. 

42. Kieber, J.J., and Schaller, G.E. (2010). The perception of cytokinin: a story 50 years in the 
making. Plant physiology 154, 487-492. 

43. Inoue, T., Higuchi, M., Hashimoto, Y., Seki, M., Kobayashi, M., Kato, T., Tabata, S., Shinozaki, 
K., and Kakimoto, T. (2001). Identification of CRE1 as a cytokinin receptor from Arabidopsis. 
Nature 409, 1060-1063. 

44. Nishimura, C., Ohashi, Y., Sato, S., Kato, T., Tabata, S., and Ueguchi, C. (2004). Histidine 
kinase homologs that act as cytokinin receptors possess overlapping functions in the 
regulation of shoot and root growth in Arabidopsis. The Plant Cell 16, 1365-1377. 

45. Ueguchi, C., Sato, S., Kato, T., and Tabata, S. (2001). The AHK4 gene involved in the 
cytokinin-signaling pathway as a direct receptor molecule in Arabidopsis thaliana. Plant and 
Cell Physiology 42, 751-755. 

46. Hutchison, C.E., Li, J., Argueso, C., Gonzalez, M., Lee, E., Lewis, M.W., Maxwell, B.B., Perdue, 
T.D., Schaller, G.E., Alonso, J.M., et al. (2006). The Arabidopsis histidine phosphotransfer 
proteins are redundant positive regulators of cytokinin signaling. The Plant Cell 18, 3073-
3087. 

47. Mähönen, A.P., Bishopp, A., Higuchi, M., Nieminen, K.M., Kinoshita, K., Törmäkangas, K., 
Ikeda, Y., Oka, A., Kakimoto, T., and Helariutta, Y. (2006). Cytokinin signaling and its inhibitor 
AHP6 regulate cell fate during vascular development. Science 311, 94-98. 

48. Suzuki, T., Imamura, A., Ueguchi, C., and Mizuno, T. (1998). Histidine-containing 
phosphotransfer (HPt) signal transducers implicated in His-to-Asp phosphorelay in 
Arabidopsis. Plant and cell physiology 39, 1258-1268. 

49. Moreira, S., Bishopp, A., Carvalho, H., and Campilho, A. (2013). AHP6 inhibits cytokinin 
signaling to regulate the orientation of pericycle cell division during lateral root initiation. 
PLoS One 8. 

50. D'Agostino, I.B., Deruere, J., and Kieber, J.J. (2000). Characterization of the response of the 
Arabidopsis response regulator gene family to cytokinin. Plant physiology 124, 1706-1717. 

51. Hwang, I., and Sheen, J. (2001). Two-component circuitry in Arabidopsis cytokinin signal 
transduction. nature 413, 383-389. 

52. Mason, M.G., Li, J., Mathews, D.E., Kieber, J.J., and Schaller, G.E. (2004). Type-B response 
regulators display overlapping expression patterns in Arabidopsis. Plant physiology 135, 927-
937. 

53. Tajima, Y., Imamura, A., Kiba, T., Amano, Y., Yamashino, T., and Mizuno, T. (2004). 
Comparative studies on the type-B response regulators revealing their distinctive properties 
in the His-to-Asp phosphorelay signal transduction of Arabidopsis thaliana. Plant and Cell 
Physiology 45, 28-39. 



54. Sakai, H., Honma, T., Aoyama, T., Sato, S., Kato, T., Tabata, S., and Oka, A. (2001). ARR1, a 
transcription factor for genes immediately responsive to cytokinins. Science 294, 1519-1521. 

55. Mason, M.G., Mathews, D.E., Argyros, D.A., Maxwell, B.B., Kieber, J.J., Alonso, J.M., Ecker, 
J.R., and Schaller, G.E. (2005). Multiple type-B response regulators mediate cytokinin signal 
transduction in Arabidopsis. The Plant Cell 17, 3007-3018. 

56. Blilou, I., Xu, J., Wildwater, M., Willemsen, V., Paponov, I., Friml, J., Heidstra, R., Aida, M., 
Palme, K., and Scheres, B. (2005). The PIN auxin efflux facilitator network controls growth 
and patterning in Arabidopsis roots. Nature 433, 39-44. 

57. Ioio, R.D., Linhares, F.S., Scacchi, E., Casamitjana-Martinez, E., Heidstra, R., Costantino, P., 
and Sabatini, S. (2007). Cytokinins determine Arabidopsis root-meristem size by controlling 
cell differentiation. Current Biology 17, 678-682. 

58. Ioio, R.D., Nakamura, K., Moubayidin, L., Perilli, S., Taniguchi, M., Morita, M.T., Aoyama, T., 
Costantino, P., and Sabatini, S. (2008). A genetic framework for the control of cell division 
and differentiation in the root meristem. Science 322, 1380-1384. 

59. Müller, B., and Sheen, J. (2008). Cytokinin and auxin interaction in root stem-cell 
specification during early embryogenesis. Nature 453, 1094-1097. 

60. Růžička, K., Šimášková, M., Duclercq, J., Petrášek, J., Zažímalová, E., Simon, S., Friml, J., Van 
Montagu, M.C., and Benková, E. (2009). Cytokinin regulates root meristem activity via 
modulation of the polar auxin transport. Proceedings of the National Academy of Sciences 
106, 4284-4289. 

61. Takahashi, N., Kajihara, T., Okamura, C., Kim, Y., Katagiri, Y., Okushima, Y., Matsunaga, S., 
Hwang, I., and Umeda, M. (2013). Cytokinins control endocycle onset by promoting the 
expression of an APC/C activator in Arabidopsis roots. Current Biology 23, 1812-1817. 

62. Tuominen, H., Puech, L., Fink, S., and Sundberg, B. (1997). A radial concentration gradient of 
indole-3-acetic acid is related to secondary xylem development in hybrid aspen. Plant 
Physiology 115, 577-585. 

63. Werner, T., Köllmer, I., Bartrina, I., Holst, K., and Schmülling, T. (2006). New insights into the 
biology of cytokinin degradation. Plant Biology 8, 371-381. 

64. Nordström, A., Tarkowski, P., Tarkowska, D., Norbaek, R., Åstot, C., Dolezal, K., and 
Sandberg, G. (2004). Auxin regulation of cytokinin biosynthesis in Arabidopsis thaliana: a 
factor of potential importance for auxin–cytokinin-regulated development. Proceedings of 
the National Academy of Sciences 101, 8039-8044. 

65. Tanaka, M., Takei, K., Kojima, M., Sakakibara, H., and Mori, H. (2006). Auxin controls local 
cytokinin biosynthesis in the nodal stem in apical dominance. The Plant Journal 45, 1028-
1036. 

66. De Rybel, B., Adibi, M., Breda, A.S., Wendrich, J.R., Smit, M.E., Novák, O., Yamaguchi, N., 
Yoshida, S., Van Isterdael, G., Palovaara, J., et al. (2014). Integration of growth and 
patterning during vascular tissue formation in Arabidopsis. Science 345, 1255215. 

67. Schlereth, A., Möller, B., Liu, W., Kientz, M., Flipse, J., Rademacher, E.H., Schmid, M., 
Jürgens, G., and Weijers, D. (2010). MONOPTEROS controls embryonic root initiation by 
regulating a mobile transcription factor. Nature 464, 913-916. 

68. Pernisová, M., Klíma, P., Horák, J., Válková, M., Malbeck, J., Souček, P., Reichman, P., 
Hoyerová, K., Dubová, J., Friml, J., et al. (2009). Cytokinins modulate auxin-induced 
organogenesis in plants via regulation of the auxin efflux. Proceedings of the National 
Academy of Sciences 106, 3609-3614. 

69. Šimášková, M., O’Brien, J.A., Khan, M., Van Noorden, G., Ötvös, K., Vieten, A., De Clercq, I., 
Van Haperen, J.M.A., Cuesta, C., Hoyerová, K., et al. (2015). Cytokinin response factors 
regulate PIN-FORMED auxin transporters. Nature communications 6, 8717. 

70. Jones, B., Gunnerås, S.A., Petersson, S.V., Tarkowski, P., Graham, N., May, S., Dolezal, K., 
Sandberg, G., and Ljung, K. (2010). Cytokinin regulation of auxin synthesis in Arabidopsis 



involves a homeostatic feedback loop regulated via auxin and cytokinin signal transduction. 
The Plant Cell 22, 2956-2969. 

71. Smet, W., Sevilem, I., de Luis Balaguer, M.A., Wybouw, B., Mor, E., Miyashima, S., Blob, B., 
Roszak, P., Jacobs, T.B., Boekschoten, M., et al. (2019). DOF2. 1 controls cytokinin-
dependent vascular cell proliferation downstream of TMO5/LHW. Current Biology 29, 520-
529. e526. 

72. Miyashima, S., Roszak, P., Sevilem, I., Toyokura, K., Blob, B., Heo, J.-o., Mellor, N., Help-Rinta-
Rahko, H., Otero, S., Smet, W., et al. (2019). Mobile PEAR transcription factors integrate 
positional cues to prime cambial growth. Nature 565, 490-494. 

73. Guo, Y., Qin, G., Gu, H., and Qu, L.-J. (2009). Dof5.6/HCA2, a Dof Transcription Factor Gene, 
Regulates Interfascicular Cambium Formation and Vascular Tissue Development in 
Arabidopsis. The Plant Cell, tpc.108.064139. 

74. Fisher, K., and Turner, S. (2007). PXY, a receptor-like kinase essential for maintaining polarity 
during plant vascular-tissue development. Current Biology 17, 1061-1066. 

75. Hirakawa, Y., Shinohara, H., Kondo, Y., Inoue, A., Nakanomyo, I., Ogawa, M., Sawa, S., 
Ohashi-Ito, K., Matsubayashi, Y., and Fukuda, H. (2008). Non-cell-autonomous control of 
vascular stem cell fate by a CLE peptide/receptor system. Proceedings of the National 
Academy of Sciences 105, 15208-15213. 

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

77. Etchells, J.P., and Turner, S.R. (2010). The PXY-CLE41 receptor ligand pair defines a 
multifunctional pathway that controls the rate and orientation of vascular cell division. 
Development 137, 767-774. 

78. Etchells, J.P., Provost, C.M., Mishra, L., and Turner, S.R. (2013). WOX4 and WOX14 act 
downstream of the PXY receptor kinase to regulate plant vascular proliferation 
independently of any role in vascular organisation. Development 140, 2224-2234. 

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

80. Clark, S.E., Running, M.P., and Meyerowitz, E.M. (1995). CLAVATA3 is a specific regulator of 
shoot and floral meristem development affecting the same processes as CLAVATA1. 
Development 121, 2057-2067. 

81. Clark, S.E., Williams, R.W., and Meyerowitz, E.M. (1997). The CLAVATA1gene encodes a 
putative receptor kinase that controls shoot and floral meristem size in Arabidopsis. Cell 89, 
575-585. 

82. Brand, U., Fletcher, J.C., Hobe, M., Meyerowitz, E.M., and Simon, R. (2000). Dependence of 
stem cell fate in Arabidopsis on a feedback loop regulated by CLV3 activity. Science 289, 617-
619. 

83. Schoof, H., Lenhard, M., Haecker, A., Mayer, K.F., Jürgens, G., and Laux, T. (2000). The stem 
cell population of Arabidopsis shoot meristems is maintained by a regulatory loop between 
the CLAVATA and WUSCHEL genes. Cell 100, 635-644. 

84. Haecker, A., Gross-Hardt, R., Geiges, B., Sarkar, A., Breuninger, H., Herrmann, M., and Laux, 
T. (2004). Expression dynamics of WOX genes mark cell fate decisions during early 
embryonic patterning in Arabidopsis thaliana. Development 131, 657-668. 

85. Sarkar, A.K., Luijten, M., Miyashima, S., Lenhard, M., Hashimoto, T., Nakajima, K., Scheres, 
B., Heidstra, R., and Laux, T. (2007). Conserved factors regulate signalling in Arabidopsis 
thaliana shoot and root stem cell organizers. Nature 446, 811-814. 

86. Smit, M.E., McGregor, S.R., Sun, H., Gough, C., Bågman, A.-M., Soyars, C.L., Kroon, J.T., 
Gaudinier, A., Williams, C.J., Yang, X., et al. (2020). A PXY-Mediated Transcriptional Network 
Integrates Signaling Mechanisms to Control Vascular Development in Arabidopsis. The Plant 
Cell 32, 319-335. 



87. Smetana, O., Mäkilä, R., Lyu, M., Amiryousefi, A., Rodriguez, F.S., Wu, M.-F., Sole-Gil, A., 
Gavarron, M.L., Siligato, R., Miyashima, S., et al. (2019). High levels of auxin signalling define 
the stem-cell organizer of the vascular cambium. Nature 565, 485-489. 

88. Kondo, Y., Ito, T., Nakagami, H., Hirakawa, Y., Saito, M., Tamaki, T., Shirasu, K., and Fukuda, 
H. (2014). Plant GSK3 proteins regulate xylem cell differentiation downstream of TDIF–TDR 
signalling. Nature communications 5, 1-11. 

89. Zhang, H., Lin, X., Han, Z., Wang, J., Qu, L.-J., and Chai, J. (2016). SERK family receptor-like 
kinases function as co-receptors with PXY for plant vascular development. Molecular plant 9, 
1406-1414. 

90. Sun, Y., Li, L., Macho, A.P., Han, Z., Hu, Z., Zipfel, C., Zhou, J.-M., and Chai, J. (2013). 
Structural basis for flg22-induced activation of the Arabidopsis FLS2-BAK1 immune complex. 
Science 342, 624-628. 

91. Hothorn, M., Belkhadir, Y., Dreux, M., Dabi, T., Noel, J.P., Wilson, I.A., and Chory, J. (2011). 
Structural basis of steroid hormone perception by the receptor kinase BRI1. Nature 474, 
467-471. 

92. She, J., Han, Z., Kim, T.-W., Wang, J., Cheng, W., Chang, J., Shi, S., Wang, J., Yang, M., Wang, 
Z.-Y., et al. (2011). Structural insight into brassinosteroid perception by BRI1. Nature 474, 
472-476. 

93. Morita, J., Kato, K., Nakane, T., Kondo, Y., Fukuda, H., Nishimasu, H., Ishitani, R., and Nureki, 
O. (2016). Crystal structure of the plant receptor-like kinase TDR in complex with the TDIF 
peptide. Nature Communications 7, 12383. 

94. Yang, J.H., Lee, K.H., Du, Q., Yang, S., Yuan, B., Qi, L., and Wang, H. (2019). A membrane‐
associated NAC domain transcription factor XVP interacts with TDIF co‐receptor and 
regulates vascular meristem activity. New Phytologist. 

95. Qu, X., Zhao, Z., and Tian, Z. (2017). ERECTA regulates cell elongation by activating auxin 
biosynthesis in Arabidopsis thaliana. Frontiers in plant science 8, 1688. 

96. Ikematsu, S., Tasaka, M., Torii, K.U., and Uchida, N. (2017). ERECTA‐family receptor kinase 
genes redundantly prevent premature progression of secondary growth in the Arabidopsis 
hypocotyl. New Phytologist 213, 1697-1709. 

97. Milhinhos, A., Vera-Sirera, F., Blanco-Touriñán, N., Mari-Carmona, C., Carrió-Seguí, À., 
Forment, J., Champion, C., Thamm, A., Urbez, C., Prescott, H., et al. (2019). SOBIR1/EVR 
prevents precocious initiation of fiber differentiation during wood development through a 
mechanism involving BP and ERECTA. Proceedings of the National Academy of Sciences 116, 
18710-18716. 

98. Wang, N., Bagdassarian, K.S., Doherty, R.E., Kroon, J.T., Connor, K.A., Wang, X.Y., Wang, W., 
Jermyn, I.H., Turner, S.R., and Etchells, J.P. (2019). Organ-specific genetic interactions 
between paralogues of the PXY and ER receptor kinases enforce radial patterning in 
Arabidopsis vascular tissue. Development 146, dev177105. 

99. Agusti, J., Lichtenberger, R., Schwarz, M., Nehlin, L., and Greb, T. (2011). Characterization of 
transcriptome remodeling during cambium formation identifies MOL1 and RUL1 as opposing 
regulators of secondary growth. PLoS genetics 7. 

100. Gursanscky, N.R., Jouannet, V., Grünwald, K., Sanchez, P., Laaber‐Schwarz, M., and Greb, T. 
(2016). MOL 1 is required for cambium homeostasis in Arabidopsis. The Plant Journal 86, 
210-220. 

101. Abrash, E.B., and Bergmann, D.C. (2010). Regional specification of stomatal production by 
the putative ligand CHALLAH. Development 137, 447-455. 

102. Abrash, E.B., Davies, K.A., and Bergmann, D.C. (2011). Generation of signaling specificity in 
Arabidopsis by spatially restricted buffering of ligand–receptor interactions. The Plant Cell 
23, 2864-2879. 



103. Hara, K., Kajita, R., Torii, K.U., Bergmann, D.C., and Kakimoto, T. (2007). The secretory 
peptide gene EPF1 enforces the stomatal one-cell-spacing rule. Genes & development 21, 
1720-1725. 

104. Hara, K., Yokoo, T., Kajita, R., Onishi, T., Yahata, S., Peterson, K.M., Torii, K.U., and Kakimoto, 
T. (2009). Epidermal cell density is autoregulated via a secretory peptide, EPIDERMAL 
PATTERNING FACTOR 2 in Arabidopsis leaves. Plant and Cell Physiology 50, 1019-1031. 

105. Hunt, L., and Gray, J.E. (2009). The Signaling Peptide EPF2 Controls Asymmetric Cell Divisions 
during Stomatal Development. Current Biology 19, 864-869. 

106. Hunt, L., Bailey, K.J., and Gray, J.E. (2010). The signalling peptide EPFL9 is a positive regulator 
of stomatal development. New Phytologist 186, 609-614. 

107. Uchida, N., Lee, J.S., Horst, R.J., Lai, H.-H., Kajita, R., Kakimoto, T., Tasaka, M., and Torii, K.U. 
(2012). Regulation of inflorescence architecture by intertissue layer ligand–receptor 
communication between endodermis and phloem. Proceedings of the National Academy of 
Sciences 109, 6337-6342. 

108. Uchida, N., and Tasaka, M. (2013). Regulation of plant vascular stem cells by endodermis-
derived EPFL-family peptide hormones and phloem-expressed ERECTA-family receptor 
kinases. Journal of experimental botany 64, 5335-5343. 

109. Shi, D., Lebovka, I., López-Salmerón, V., Sanchez, P., and Greb, T. (2019). Bifacial cambium 
stem cells generate xylem and phloem during radial plant growth. Development 146. 

110. Bossinger, G., and Spokevicius, A.V. (2018). Sector analysis reveals patterns of cambium 
differentiation in poplar stems. Journal of experimental botany 69, 4339-4348. 

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

112. Izhaki, A., and Bowman, J.L. (2007). KANADI and Class III HD-Zip Gene Families Regulate 
Embryo Patterning and Modulate Auxin Flow during Embryogenesis in Arabidopsis. The Plant 
Cell 19, 495-508. 

113. Ohashi-Ito, K., and Fukuda, H. (2003). HD-Zip III Homeobox Genes that Include a Novel 
Member, ZeHB-13 (Zinnia)/ATHB-15 (Arabidopsis), are Involved in Procambium and Xylem 
Cell Differentiation. Plant and Cell Physiology 44, 1350-1358. 

114. Ursache, R., Miyashima, S., Chen, Q., Vatén, A., Nakajima, K., Carlsbecker, A., Zhao, Y., 
Helariutta, Y., and Dettmer, J. (2014). Tryptophan-dependent auxin biosynthesis is required 
for HD-ZIP III-mediated xylem patterning. Development 141, 1250-1259. 

115. Zhou, G.-K., Kubo, M., Zhong, R., Demura, T., and Ye, Z.-H. (2007). Overexpression of miR165 
Affects Apical Meristem Formation, Organ Polarity Establishment and Vascular Development 
in Arabidopsis. Plant and Cell Physiology 48, 391-404. 

116. Baima, S., Nobili, F., Sessa, G., Lucchetti, S., Ruberti, I., and Morelli, G. (1995). The expression 
of the Athb-8 homeobox gene is restricted to provascular cells in Arabidopsis thaliana. 
Development 121, 4171-4182. 

117. Suer, S., Agusti, J., Sanchez, P., Schwarz, M., and Greb, T. (2011). WOX4 Imparts Auxin 
Responsiveness to Cambium Cells in Arabidopsis. The Plant Cell 23, 3247-3259. 

118. Esau, K. (1960). Vascular Cambium. In: Anatomy of Seed Plants, (New York: John Wiley & 
Sons Inc). 

119. Etchells, J.P., Provost, C.M., and Turner, S.R. (2012). Plant Vascular Cell Division Is 
Maintained by an Interaction between PXY and Ethylene Signalling. PLoS Genetics 8, 
e1002997. 

120. Vahala, J., Felten, J., Love, J., Gorzsás, A., Gerber, L., Lamminmäki, A., Kangasjärvi, J., and 
Sundberg, B. (2013). A genome‐wide screen for ethylene‐induced Ethylene Response Factors 
(ERF s) in hybrid aspen stem identifies ERF genes that modify stem growth and wood 
properties. New Phytologist 200, 511-522. 



121. Immanen, J., Nieminen, K., Smolander, O.-P., Kojima, M., Serra, J.A., Koskinen, P., Zhang, J., 
Elo, A., Mähönen, A.P., Street, N., et al. (2016). Cytokinin and auxin display distinct but 
interconnected distribution and signaling profiles to stimulate cambial activity. Current 
Biology 26, 1990-1997. 

122. Kucukoglu, M., Nilsson, J., Zheng, B., Chaabouni, S., and Nilsson, O. (2017). WUSCHEL‐
RELATED HOMEOBOX 4 (WOX 4)‐like genes regulate cambial cell division activity and 
secondary growth in Populus trees. New Phytologist 215, 642-657. 

123. Etchells, J.P., Mishra, L.S., Kumar, M., Campbell, L., and Turner, S.R. (2015). Wood formation 
in trees is increased by manipulating PXY-regulated cell division. Current Biology 25, 1050-
1055. 

124. Kucukoglu, M., Chaabouni, S., Zheng, B., Mähönen, A.P., Helariutta, Y., and Nilsson, O. 
(2019). Peptide encoding Populus CLV3/ESR‐RELATED 47 (PttCLE47) promotes cambial 
development and secondary xylem formation in hybrid aspen. New Phytologist. 

125. Zhu, Y., Song, D., Zhang, R., Luo, L., Cao, S., Huang, C., Sun, J., Gui, J., and Li, L. (2020). A 
xylem‐produced peptide PtrCLE20 inhibits vascular cambium activity in Populus. Plant 
biotechnology journal 18, 195-206. 

126. Olsson, V., Joos, L., Zhu, S., Gevaert, K., Butenko, M.A., and De Smet, I. (2019). Look closely, 
the beautiful may be small: Precursor-derived peptides in plants. Annual review of plant 
biology 70, 153-186. 

127. Fukuda, H., and Hardtke, C.S. (2020). Peptide signaling pathways in vascular differentiation. 
Plant Physiology. 

128. Ragni, L., Nieminen, K., Pacheco-Villalobos, D., Sibout, R., Schwechheimer, C., and Hardtke, 
C.S. (2011). Mobile Gibberellin Directly Stimulates <em>Arabidopsis</em> Hypocotyl Xylem 
Expansion. The Plant Cell 23, 1322-1336. 

129. Roodt, D., Li, Z., Van de Peer, Y., and Mizrachi, E. (2019). Loss of wood formation genes in 
monocot genomes. Genome biology and evolution 11, 1986-1996. 

 


