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(Pro)cambium formation and proliferation: two sides of

the same coin?
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The body of higher plants is usually pervaded by the
(pro)cambium, a reticulate system of meristematic cells
harboring the potential for producing vascular tissues at critical
times and places. The (pro)cambium thereby provides the basis
for the differential modulation of long-distance transport
capacities and plant body stability. Distinct regulatory networks
responsible for the initiation and proliferation of (pro)cambium
cells have been identified. However, although a tight interaction
between these networks can be expected, connections have
been established only sporadically. Here we highlight recent
discoveries of how (pro)cambium development is regulated
and discuss possible interfaces between networks regulating
two processes: (pro)cambium formation and cambium
proliferation.
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Introduction

Maintaining the potential for regenerating and modulat-
ing body structures after embryogenesis is a critical aspect
during the development of multicellular organisms. In
this context, plants have developed an unparalleled abil-
ity to continuously adapt their growth to changing
environmental conditions and to renew themselves after
major damages. This developmental plasticity is based on
the activity of stem cells present in meristematic tissues,
which are located at key positions within the plant body.
Among these meristems, the procambium and — in
mature organs — the vascular cambium pervade the
whole body of most vascular plants, giving rise to vascular
tissues. In many species, including Arabidopsis thaliana,
the xylem (wood) is delivered toward the center of the
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growth axis (adaxially) and the phloem (bast) toward the
periphery (abaxially). These tissues are not only essential
for the long-distance transport of water, assimilates, sig-
naling molecules and nutrients but also to provide mech-
anical support for the growing plant body. Thus,
(pro)cambium formation and activity is a major determi-
nant of postembryonic plant growth, since it represents a
connected and omnipresent system of stem cells, which,
when required, generates tissues important for the modu-
lation of body structures [1-4]. Strikingly, the establish-
ment and maintenance of this essential network of stem
cells in a differentiated cellular environment at the level
of individual cell types is hardly understood, and only
recently have studies started to generate insight into this
fundamental aspect of plant growth and development.

Here, we review investigations on procambium formation
and the control of cambium activity by focusing on latest
insights obtained using the reference plant Arabidopsis
thaliana and translate these into a broader context. For a
more comprehensive overview of the topics, we refer the
reader to excellent summaries published elsewhere [5-8].

Procambium initiation and development

The first procambium appearance in the embryo
During seedling germination, vascular tissues of the root,
hypocotyl and cotyledons differentiate from a predeter-
mined tissue, the procambium, located in the innermost
domain of these organs [9]. In Arabidopsis, the procam-
bium goes back to four initial cells established as early as
the globular embryo stage [10] (Figure 1). After their
specification, these cells elongate and undergo oriented
and coordinated cell divisions, thereby increasing the
number of procambial cells and establishing their typical
strand-like anatomy up to the mature embryo stage [11]
(Figure 1). At this point, a subset of procambial cells
undergo asymmetric divisions, generating precursors of
phloem and xylem cells while maintaining a pool of
procambium cells between these tissues [12].

The plant hormone auxin is strongly associated with pro-
cambium formation, as the establishment of local auxin
maxima precedes procambium formation in all cases inves-
tigated so far. Among auxin signaling factors, the auxin-
dependent transcription factor MONOPTEROS/AUXIN
RESPONSE FACTOR 5 (MP/ARFS5) plays a major role in
translating auxin accumulation into the establishment of
procambium identity [13,14]. Although expressed before
the globular stage, MP/ARF5 expression soon becomes
strongly associated with procambial tissues (Figure 2)
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Figure 1
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Initiation and proliferation of the (pro)cambium along plant life. The two diagrams render the pathways implicated in the initiation of the

procambium (lower part left) and in cambium proliferation (lower part right). A schematic view of two embryo stages is depicted in the upper left
part, with procambium initial cells in red. A schematic view of vascular tissue organization in stems is shown in the upper part right. The xylem is
represented in blue, the phloem in orange and the cambium in red. Auxin flow in the embryo is indicated by purple arrows. Spatial arrangements

of signaling components are not represented in the bottom diagrams.

and strong mp/arf5 mutants display severe defects in pro-
cambium formation [13,14,15°°]. How MP/ARFS5 fulfills its
role in procambium formation was elucidated very recently
by identifying candidates for direct and procambium-
specific MP/ARFS targets [15°°,16,17]. Among these, the
basic helix-loop-helix (bHLLH) transcription factor 7AR-
GET OF MONOPTEROS5 (TMO5) is first expressed in all
four procambium initials at the globular stage. Later, 7MO5
expression is restricted to xylem precursor cells in the root
apical meristem (RAM) and presumably along the whole
vasculature [15°°,18°°]. In the embryo and the RAM, peri-
clinal (i.e., in parallel to the organ surface) divisions of
procambium cells depend on a protein dimer formed by
TMOS5 and LONESOME HIGHWAY (LHW) (Figure 1),

another bHLLH transcription factor [18°°,19]. Redundantly
acting protein dimers are also formed by close homologs of
TMOS and LHW, mainly T5L1 and LL1, respectively
[18°°,20]. LHW and LIL1 are expressed in the basal domain
of the globular embryo and, later, in the RAM, thereby
contributing to the spatial specificity of respective dimer
activity [18°°,19,20]. Importantly, ectopic expression of
TMO5 and LHW is sufficient for inducing periclinal cell
divisions in other tissues, suggesting that the TMOS5/LHW
dimer mediates this fundamental procambium attribute
independently of cell identity [18°°]. Furthermore, ectopic
LHW expression is sufficient to induce auxin responses like
PINT and MP/ARF5 expression, suggesting that LHW is not
only downstream but also upstream of auxin signaling [19].
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Figure 2
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MP/ARF5 promoter activity at different developmental stages. (a)-(c) MP/ARF5 (TAIR: AT1G19850) promoter activity in the Arabidopsis embryo
(heart (a), early torpedo (b), and mature (c) stage) visualized by a stably transformed pARF5:SV40-3xGFP reporter [60] (green). Cell walls are
counterstained by FM4-64 (red). (d) MP/ARF5 promoter activity in the mature Arabidopsis stem visualized by a pARF5:ER-EYFP reporter (green).
Cell walls are counterstained by propidium iodide (red). ¢, cambium; p, phloem; x, xylem. Scale bars: 50 pum. Asterisks in (d) label the position of

primary vascular bundles.

It is worth mentioning that MP/ARF5 requires the PHD-
finger proteins OBERON1 (OBE1) and OBE2 for TMO5
activation in the basal part of the embryo [21]. However,
whether OBE-like proteins are auxin-specific or more gen-
eral transcriptional regulators remains as yet obscure. Sim-
ilarly, although MP/ARF5 activity is maintained in the
postembryonic (pro)cambium (Figure 2), the role for the
MP-TMO5/LLHW module in later developmental stages is
unclear.

Mutual interaction between vascular tissues establishes
procambium cell identity

A mutually inhibitory interaction between auxin and
cytokinin (CK) signaling is an important aspect of pro-
cambium formation [22°,23]. In the growing root, pertur-
bation of CK signaling, by mutating ARABIDOPSIS
HISTIDINE KINASE genes (AHK2, AHK3, AHK4/
WOL/CRET) encoding two-component signal transducers
of CK signaling, results in the reduction of periclinal cell
divisions in the procambium and in the differentiation of
all procambium cells into protoxylem, reflecting a cell-
autonomous CK-dependent promotion of procambium
identity [12,24°°]. Reduced CK-signaling leads also to
altered subcellular polarity of the auxin efflux carriers
PIN-FORMED 1 (PIN1), PIN3 and PIN7, and a loss of
PIN7 expression in the procambium and the phloem
along which CK is symplastically transported [22°,23]
(Figure 1). PIN-mediated lateral transport of auxin, in
turn, generates an auxin maximum in the protoxylem pole
[22°] whose orientation is initially aligned with the pos-
ition of the two cotyledons [25,26°°]. Here auxin signaling
induces the expression of the histidine pseudophospho-
transfer protein AHP6, potentially via a direct regulation
by MP/ARFS5 [17] or by the LHW-T5L1 dimer [27]
(Figure 1). Thereby, CK signaling is inhibited allowing

protoxylem formation [22°,23,24°°]. In the procambium
and the phloem, CK signaling negatively regulates AHP6
expression in an auxin-dependent manner [23,24°°,28]
(Figure 1). Modeling of the interactions of these and other
factors, including the CLASS 111 HOMEODOMAIN-LEU-
CINE ZIPPER (HD-Ziplll) gene PHABULOSA (PHB)
which represses AHP6 expression [29,30°] (Figure 1), was
sufficient for recapitulating patterning events in the early
Arabidopsis root in a computational approach [31]. This
highlights the importance of a complex and mutual inter-
cellular crosstalk for procambium development. Very
recently, a connection between the MP-TMOS5/LHW
module and CK signaling was established by the discov-
ery that the TMOS/LLHW dimer activates directly LOG4,
a gene encoding for a rate-limiting enzyme in CK bio-
synthesis [26°°,27]. This finding identifies CK as an —
until then missing — non-cell autonomous signal indu-
cing periclinal cell divisions in cells outside of the TM OS5/
LHW-expressing xylem pole. Again, cell-based compu-
tational modeling of the inhibitory interactions between
auxin and CK signaling taking the new findings into
account generated sharp boundaries between signaling
domains. Starting with the globular embryo, the model
was able to simulate vascular pattern formation in wild
type and various auxin and CK signaling mutants [26°°].
Of note, CK depletion or impaired CK signaling leads also
to vascular cambium deficiency later in development
[32,33] arguing for a similar role of CK in promoting
cambium activity.

Laying the roads: establishing auxin transport routes for
the connectivity of vascular strands

In leaf primordia, procambial strands emerge de novo
from naive ground tissue cells. Taking advantage of this
easily accessible system, formation of focused auxin
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transport routes according to the principles of auxin
canalization and important for the continuity of vascular
bundles has been extensively investigated in Arabidopsis
(reviewed in [7]). As in the embryo, MP/ARF5 is activated
in pre-procambial strands in response to auxin accumu-
lation established by polar auxin transport, leading to the
acquisition of procambial cell identity [34°,35°,36]. MP/
ARF5 positively regulates PIN genes but also ATHBS
(Figure 1), another member of the HD-ZipIll gene family
[15°°,16,37]. ATHRBS is required to stabilize PIN1 expres-
sion against auxin transport perturbation, to limit pre-
procambial cell fate acquisition to narrow zones and to
synchronize procambial cell identity assignment within
and between veins [16]. ATHBS activates ACAULIS5
(ACLS5) (Figure 1), a gene important for thermospermine
production which, in turn, attenuates xylem differen-
tiation through a negative feedback loop involving other
HD-Ziplll genes [38,39]. Surprisingly, while the mild
venation defects found in piz/ mutants are not enhanced
by removing other plasma membrane-localized PIN
proteins, they are particularly enhanced by removing
PINs localized in the endoplasmic reticulum (ER) [40];
this underlines the importance of a fine-tuned system of
auxin flow between, but also within, cells. Overall, these
observations suggest the existence of an integrated and
essential feedback loop involving PIN proteins, auxin,
MP/ARFS5 and HD-ZipIll genes during procambium for-

mation.

The initiation and activity of the vascular
cambium

Later in the development of most dicotyledonous plants
and conifers, (pro)cambium cells maintained between
primary xylem and phloem resume periclinal division,
producing secondary vascular tissues that lead to lateral
growth of roots, hypocotyls and stems. The transition to
lateral growth includes major anatomical transformations
of these organs, resulting in the formation of a cylindrical
meristematic domain designated as the vascular cambium
[6] (Figure 1). Whether undifferentiated stem cells within
the vascular cambium are comparable to procambium
cells established during earlier stages has been a matter
of debate [41]. However, considering their elongated
anatomy, their predetermination for vascular develop-
ment and the shared expression of major regulators like
MP/ARF5 (Figure 2), a common developmental consti-
tution seems likely. Interestingly, the investigation of
procambium formation and of the regulation of vascular
cambium activity hardly overlapped in the past, which
resulted in the establishment of distinct regulatory net-
works for the two processes (Figure 1). It is possible,
however, that the apparent isolation of the two networks
does not reflect fully independent processes but is at least
partly based on different experimental readouts and
genetic accessibility when targeting both processes. Ana-
lyzing molecular events during transdifferentiation of
cells during vascular cambium formation in root pericycle
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cells [42] and in interfascicular regions in stems (Figure 1)
[41,43,44] may provide means for comparing procambium
and cambium formation.

The CLE-PXY-WOX module controls cambium
proliferation

In Arabidopsis, a CLAVATA3/ESR-RELATED (CLE)-
like peptide encoded by two members of the CLE gene
family, CLE41 and CLE44, stimulates cambium activity
and represses xylem differentiation [45,46]. The peptide
is synthesized in the phloem and travels to the cambium
where it binds and activates the leucin-rich repeat re-
ceptor-like  kinase PHLOEM INTERCALATED
WITH XYLEM (PXY, also known as TDIF RECEP-
TOR, TDR) [45-48] (Figure 1). Due to disturbed cam-
bium activity, pxy mutants exhibit perturbation in
vascular bundle organization [45,49] and a dramatic
reduction of lateral growth [43]. The CLE41/44-PXY
signaling cascade regulates (pro)cambium proliferation
through its positive effect on the WUSCHEL-RELATED
HOMEOBOX4 (WOX4) transcription factor gene
[46,47°°,50] (Figure 1). Although PXY and WOX4 are
already expressed in the procambium [43,51,52], several
lines of evidence point to roles for PXY, WOX4 and its
redundantly acting homolog WOX74 [50] in promoting
cambium activity rather than in initiating procambium
identity. First, in pxy and wox4 mutants cambium activity
is not entirely abolished and vascular bundle organization
in wox4 single or in wox4 woxI4 double mutants is not
altered [47°°,50,52]. Second, ectopic expression of PXY or
WOX4 does not induce cambium formation [47°°,49,52].
Third, transcriptional profiling and expression analyses
have shown that cambium marker activities are barely
reduced in wox4 mutant plants [47°°,52]. Fourth, defects
in procambium strand formation have not been reported
for pxy single and wox4 wox!4 double mutants [45,46,50].
Interestingly, WOX4 is auxin-responsive in a PXY-inde-
pendent manner [52] (Figure 1), providing a possible link
to the auxin signaling machinery involved in procambium
formation described above.

Cambium activity is promoted by several parallel
pathways

In the Arabidopsis stem and hypocotyl, twelve ETHYL-
ENE RESPONSE FACTOR (ERF) genes, encoding
members of the ERF/AP2 transcription factor family,
have been shown to be up-regulated in pxy and wox4
mutants [53]. Furthermore, because defects in vascular
bundle patterning typical for pxy mutants are enhanced in
the triple pxy erf109 erf018 mutant [53], it is likely that the
ERF transcription factors promote cambium activity in
the absence of PXY (Figure 1).

ERECTA (ER) encodes a receptor-like kinase which
likewise supports PXY function in vascular development:
in the ¢r pxy double mutant the hypocotyl diameter is
more reduced and primary bundle organization in stems is
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more severely affected than in the pxy single mutant [50].
However, because £ER and PXY expression does not seem
to overlap in stems [49,54], the interaction between ER
and PXY might be indirect [50,55]. T'wo peptides belong-
ing to the secreted cysteine-riche peptide family, EPI-
DERMAL PATTERNING FACTOR LIKE 4 (EPFL4)
and EPFL6, bind directly to ER [55] and mediate the
ER-dependent effect on vascular bundle organization
[55]. Interestingly, EPFL4 and EPFL6 genes are
expressed specifically in the starch sheath external to
the vascular bundles [54], again highlighting the im-
portance of intercellular communication for vascular
development.

Beside a WOX4-dependent promotion of cambial cell
proliferation, the CLE-PXY signaling module inhibits
xylem differentiation by the direct activation of members
of the GLYCOGEN SYNTHASE KINASE 3 (GSK3)
protein  family, including BRASSINOSTEROID-
INSENSITIVE 2 (BIN2) [47°°,56°,57] (Figure 1). Apply-
ing bikinin, a specific inhibitor of GSK3 activity, results in
the depletion of cambial cells in favor of xylem cells in the
hypocotyl, a phenotype similar to what is observed in a
gs#3 sextuple mutant [56°]. In the brassinosteroid (BR)
signaling pathway, BINZ-dependent phosphorylation
inhibits the activity of the BRASSINAZOLE-RESIST-
ANT 1 (BZR1) and BZR2/BRI1-EMS SUPPRESSOR 1
(BES1) transcription factors [58] (Figure 1), suggesting
that BR signaling is suppressed in early xylem cells,
thereby counteracting differentiation. The role of BR
signaling in promoting xylem differentiation has also
been demonstrated by genetic studies: gain-of-function
bes] mutants display an increased number of xylem cells
and fewer cambium cells [56°] while mutations in BR
receptor genes, in particular BRASSINOSTEROID
INSENSITIVE 1 (BRIT) and BRII-LIKE 1 (BRL]I), result
in reduced xylem differentiation [59]. The interaction
between PXY and BIN2 has also been shown in the
context of lateral root (LR) formation. BIN2 promotes
lateral root initiation by phosphorylating ARF7 and
ARF19 in a PXY-dependent manner [57]. BIN2 thereby
suppresses their interaction with AUXIN/INDOLE-3-
ACETIC ACID (AUX/IAAs) proteins and enhances their
positive effect on gene transcription. Interestingly,
exogenous application of CLLE41/44 peptides enhances
phosphorylation of ARF7, but this effect is not observed
in pxy mutants or when GSK3 activity is blocked by
bikinin application [57]. This indicates that a CLE-
PXY-dependent phosphorylation of ARF transcription
factors is required to mediate the auxin response during
LR initiation, suggesting another molecular link between
auxin signaling and cambium regulation.

In the Arabidopsis stem, identification of genes induced
during cambium formation has led to the characterization
of two novel receptor-like kinases MORE LATERAL
GROWTH! (MOL1) and REDUCED IN LATERAL

GROWTH1 (RULI), which regulate secondary vascular
tissues formation in an opposite manner [43] (Figure 1).
Due to the absence of obvious defects in procambium
formation in corresponding mutants and their delayed or
absent expression in procambium cells, respectively [43],
it is tempting to speculate that both factors, together with
the CLE/PXY/WOX4 signaling module, belong to a
developmental program specific for regulating cambium
activity and superimposed on the program described
above for regulating procambium development.

Conclusion

Due to the diversity of tissues and organs investigated in
the context of research of vascular development, the
establishment of an integrated regulatory network influ-
encing (pro)cambium attributes is challenging. Indeed,
procambium initiation has been studied in the embryo,
early root tips and leaf primordia, but the role of parti-
cipating factors later in development is unknown even if
several factors have been shown to be expressed in
vascular tissues during the plant’s entire life. Conversely,
factors implicated in the regulation of cambium activity
have not yet been related to the regulation of procam-
bium dynamics, despite some of them being expressed in
this tissue. This raises the question whether the initiation
of procambium identity and the regulation of cambium
activity are two genetically distinct processes, or whether
the network regulating cambium activity is superimposed
on the procambium developmental program and con-
verges on similar key regulators. Investigations of (pro)-
cambium-specific genes in different tissues and at
different developmental stages, as well as their functional
relation, should help answer this central question. More-
over, this should help identify a core mechanism con-
served by the different plant species for the formation of
vascular tissues, whose acquisition was a major invention
during the evolution of land plants.

Acknowledgements

We thank Dolf Weijers (University of Wageningen, Netherlands) for
providing the ARF5:8V40:3xGFP reporter line. This work was supported by
an EMBO long-term postdoctoral fellowship (ALTF 342-2012) to V.]. and
by Austrian Science Fund (FWF) grants P23781-B16 and P25594-B21.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. de Almeida M, de Almeida CV, Mendes Graner E, Ebling
Brondani G, Fiori de Abreu-Tarazi M: Pre-procambial cells are
niches for pluripotent and totipotent stem-like cells for
organogenesis and somatic embryogenesis in the peach
palm: a histological study. Plant Cell Rep 2012, 31:1495-1515.

2.  Wang XD, Nolan KE, Irwanto RR, Sheahan MB, Rose RJ:
Ontogeny of embryogenic callus in Medicago truncatula: the
fate of the pluripotent and totipotent stem cells. Ann Bot 2011,
107:599-609.

Current Opinion in Plant Biology 2015, 23:54-60

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0005
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0005
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0005
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0005
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0005
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0010
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0010
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0010
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0010

3. Hellgren JM, Olofsson K, Sundberg B: Patterns of auxin
distribution during gravitational induction of reaction wood in
poplar and pine. Plant Physiol 2004, 135:212-220.

4. Andersson-Gunneras S, Hellgren JM, Bjorklund S, Regan S,
Moritz T, Sundberg B: Asymmetric expression of a poplar ACC
oxidase controls ethylene production during gravitational
induction of tension wood. Plant J 2003, 34:339-349.

5. Elo A, Immanen J, Nieminen K, Helariutta Y: Stem cell function
during plant vascular development. Semin Cell Dev Biol 2009,
20:1097-1106.

6. Miyashima S, Sebastian J, Lee JY, Helariutta Y: Stem cell
function during plant vascular development. EMBO J 2013,
32:178-193.

7. Sawchuk MG, Scarpella E: Polarity, continuity, and alignment in
plant vascular strands. J Integr Plant Biol 2013, 55:824-834.

8. Weijers D: Genetic control of identity and growth in the early
Arabidopsis embryo. Biochem Soc Trans 2014, 42:346-351.

9. Bauby H, Divol F, Truernit E, Grandjean O, Palauqui JC:
Protophloem differentiation in early Arabidopsis thaliana
development. Plant Cell Physiol 2007, 48:97-109.

10. Berleth T, Mattsson J, Hardtke CS: Vascular continuity and auxin
signals. Trends Plant Sci 2000, 5:387-393.

11. Yoshida S, Barbier de Reuille P, Lane B, Bassel GW,
Prusinkiewicz P, Smith RS, Weijers D: Genetic control of plant
development by overriding a geometric division rule. Dev Cell
2014, 29:75-87.

12. Mahonen AP, Bonke M, Kauppinen L, Riikonen M, Benfey PN,
Helariutta Y: A novel two-component hybrid molecule
regulates vascular morphogenesis of the Arabidopsis root.
Genes Dev 2000, 14:2938-2943.

13. Hardtke CS, Berleth T: The Arabidopsis gene MONOPTEROS
encodes a transcription factor mediating embryo axis
formation and vascular development. EMBO J 1998,
17:1405-1411.

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

15. Schlereth A, Moller B, Liu W, Kientz M, Flipse J, Rademacher EH,

ee Schmid M, Jurgens G, Weijers D: MONOPTEROS controls
embryonic root initiation by regulating a mobile transcription
factor. Nature 2010, 464:913-916.

Microarray analysis is used to identify candidates for ARF5/MP direct

targets in the Arabidopsis embryo. Among these candidates, TMO5 and

TMO?7 are shown to be essential for root initiation.

16. Donner TJ, Sherr |, Scarpella E: Regulation of preprocambial cell
state acquisition by auxin signaling in Arabidopsis leaves.
Development 2009, 136:3235-3246.

17. Besnard F, Refahi Y, Morin V, Marteaux B, Brunoud G,
Chambrier P, Rozier F, Mirabet V, Legrand J, Laine S et al.:
Cytokinin signalling inhibitory fields provide robustness to
phyllotaxis. Nature 2014, 505:417-421.

18. De Rybel B, Moller B, Yoshida S, Grabowicz |, Barbier de Reuille P,

ee 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.

The authors identify the auxin-ARF5/MP-TMO5-LHW module required for

the control of periclinal cell divisions during procambium initiation.

19. Ohashi-Ito K, Oguchi M, Kojima M, Sakakibara H, Fukuda H:
Auxin-associated initiation of vascular cell differentiation by
LONESOME HIGHWAY. Development 2013, 140:765-769.

20. Ohashi-lto K, Matsukawa M, Fukuda H: An atypical bHLH
transcription factor regulates early xylem development
downstream of auxin. Plant Cell Physiol 2013, 54:398-405.

21. Saiga S, Moller B, Watanabe-Taneda A, Abe M, Weijers D,
Komeda Y: Control of embryonic meristem initiation in
Arabidopsis by PHD-finger protein complexes. Development
2012, 139:1391-1398.

(Pro)cambium development Jouannet, Brackmann and Greb 59

22. Bishopp A, Help H, EI-Showk S, Weijers D, Scheres B, Friml J,

. Benkova E, Mahonen AP, Helariutta Y: A mutually inhibitory
interaction between auxin and cytokinin specifies vascular
pattern in roots. Curr Biol 2011, 21:917-926.

In the Arabidopsis root meristem, the effect of CK signaling on PIN protein

abundance and the induction of the CK signaling inhibitor AHP6 by auxin

signaling demonstrate the existence of a feedback loop between auxin
and CK signaling within vascular patterning.

23. Bishopp A, Lehesranta S, Vaten A, Help H, EI-Showk S, Scheres B,
Helariutta K, Mahonen AP, Sakakibara H, Helariutta Y: Phloem-
transported cytokinin regulates polar auxin transport and
maintains vascular pattern in the root meristem. Curr Biol 2011,
21:927-932.

24. Mahonen AP, Bishopp A, Higuchi M, Nieminen KM, Kinoshita K,

ee Tormakangas K, lkeda Y, Oka A, Kakimoto T, Helariutta Y:
Cytokinin signaling and its inhibitor AHP6 regulate cell fate
during vascular development. Science 2006, 311:94-98.

The authors identify a mutually inhibitory interaction between CK signal-

ing and its newly identified inhibitor, AHPG6, required for the regulation of

cell differentiation in the procambium in Arabidopsis roots.

25. Help H, Mahonen AP, Helariutta Y, Bishopp A: Bisymmetry in the
embryonic root is dependent on cotyledon number and
position. Plant Signal Behav 2011, 6:1837-1840.

26. De Rybel B, Adibi M, Breda AS, Wendrich J, Smit ME, Novak O,
ee Yamaguchi N, Yoshida S, Van Isterdael G, Palovaara J et al.:

Integration of growth and patterning during vascular

tissue formation in Arabidopsis. Science 2014, 345:

1255215.
The LOG4 gene, encoding for a rate-limiting enzyme in CK biosynthesis,
is identified as a direct target of the TMOS5/LHW transcription factor
dimer. Furthermore, early patterning events in procambial tissues in the
lower tier of the embryo are simulated in a computational model. Thereby
the study closes a major gap in our understanding of the inhibitory auxin—
CK interaction.

27. Ohashi-lto K, Saegusa M, Iwamoto K, Oda Y, Katayama H,
Kojima M, Sakakibara H, Fukuda H: A bHLH complex activates
vascular cell division via cytokinin action in root apical
meristem. Curr Biol 2014, 24:2053-2058.

28. Mahonen AP, Higuchi M, Tormakangas K, Miyawaki K,
Pischke MS, Sussman MR, Helariutta Y, Kakimoto T: Cytokinins
regulate a bidirectional phosphorelay network in Arabidopsis.
Curr Biol 2006, 16:1116-1122.

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

30. llegems M, Douet V, Meylan-Bettex M, Uyttewaal M, Brand L,

. Bowman JL, Stieger PA: Interplay of auxin, KANADI and Class Il
HD-ZIP transcription factors in vascular tissue formation.
Development 2010, 137:975-984.

The roles of HD-Ziplll and KANADI (KAN) transcription factors in the

regulation of auxin distribution in the procambial area of vascular bundles

are characterized: HD-Ziplll transcription factors promote cell elongation
and xylem differentiation, and KAN transcription factors inhibit PIN
expression.

31. Muraro D, Mellor N, Pound MP, Help H, Lucas M, Chopard J,
Byrne HM, Godin C, Hodgman TC, King JR et al.: Integration of
hormonal signaling networks and mobile microRNAs is
required for vascular patterning in Arabidopsis roots. Proc Nat/
Acad Sci U S A 2014, 111:857-862.

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

33. Hejatko J, Ryu H, Kim GT, Dobesova R, Choi S, Choi SM,
Soucek P, Horak J, Pekarova B, Palme K et al.: The histidine
kinases CYTOKININ-INDEPENDENT1 and ARABIDOPSIS
HISTIDINE KINASE2 and 3 regulate vascular tissue
development in Arabidopsis shoots. Plant Cell 2009,
21:2008-2021.

34. Wenzel CL, Schuetz M, Yu Q, Mattsson J: Dynamics of
¢ MONOPTEROS and PIN-FORMED1 expression during leaf

www.sciencedirect.com

Current Opinion in Plant Biology 2015, 23:54-60


http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0015
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0015
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0015
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0020
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0020
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0020
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0020
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0025
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0025
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0025
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0030
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0030
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0030
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0035
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0035
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0040
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0040
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0045
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0045
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0045
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0050
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0050
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0055
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0055
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0055
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0055
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0060
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0060
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0060
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0060
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0065
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0065
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0065
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0065
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0070
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0070
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0070
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0075
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0075
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0075
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0075
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0080
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0080
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0080
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0085
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0085
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0085
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0085
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0090
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0090
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0090
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0090
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0090
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0095
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0095
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0095
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0100
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0100
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0100
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0105
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0105
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0105
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0105
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0110
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0110
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0110
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0110
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0115
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0115
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0115
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0115
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0115
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0120
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0120
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0120
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0120
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0125
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0125
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0125
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0130
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0130
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0130
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0130
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0130
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0135
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0135
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0135
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0135
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0140
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0140
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0140
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0140
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0145
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0145
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0145
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0145
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0150
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0150
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0150
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0150
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0155
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0155
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0155
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0155
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0155
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0160
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0160
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0160
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0160
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0165
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0165
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0165
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0165
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0165
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0165
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0170
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0170

60 Growth and development

vein pattern formation in Arabidopsis thaliana. Plant J 2007,
49:387-398.
Expression analyses are used to decipher the role of ARF5/MP and PIN1 in
leaf vein formation and to highlight the importance of a feedback interaction
between auxin, ARF5/MP and PIN1 for the formation of leaf veins.

35. Scarpella E, Marcos D, Friml J, Berleth T: Control of leaf vascular

e  patterning by polar auxin transport. Genes Dev 2006, 20:1015-1027.
In Arabidopsis leaves, expression analyses demonstrate that PIN1 is
detected prior to known procambial cell markers and defines sites of
procambium specification, highlighting the role of polar auxin transport
during procambium formation.

36. Sauer M, Balla J, Luschnig C, Wisniewska J, Reinohl V, Friml J,
Benkova E: Canalization of auxin flow by Aux/IAA-ARF-
dependent feedback regulation of PIN polarity. Genes Dev
2006, 20:2902-2911.

37. Scarpella E, Francis P, Berleth T: Stage-specific markers define
early steps of procambium development in Arabidopsis leaves
and correlate termination of vein formation with mesophyli
differentiation. Development 2004, 131:3445-3455.

38. Baima S, Forte V, Possenti M, Penalosa A, Leoni G, Salvi S,
Felici B, Ruberti I, Morelli G: Negative feedback regulation of
auxin signaling by ATHB8/ACL5-BUD2 transcription module.
Mol Plant 2014, 7:1006-1025.

39. Milhinhos A, Prestele J, Bollhoner B, Matos A, Vera-Sirera F,
Rambla JL, Ljung K, Carbonell J, Blazquez MA, Tuominen H et al.:
Thermospermine levels are controlled by an auxin-dependent
feedback loop mechanism in Populus xylem. Plant J 2013,
75:685-698.

40. Sawchuk MG, Edgar A, Scarpella E: Patterning of leaf vein
networks by convergent auxin transport pathways. PLoS
Genet 2013, 9:¢1003294.

41. Sanchez P, Nehlin L, Greb T: From thin to thick — major
transitions during stem development. Trends Plant Sci 2012,
17:113-121.

42. Baum SF, Dubrovsky JG, Rost TL: Apical organization and
maturation of the cortex and vascular cylinder in Arabidopsis
thaliana (Brassicaceae) roots. Am J Bot 2002, 89:908-920.

43. Agusti J, Lichtenberger R, Schwarz M, Nehlin L, Greb T:
Characterization of transcriptome remodeling during
cambium formation identifies MOL1 and RUL1 as opposing
regulators of secondary growth. PLoS Genet 2011, 7:e1001312.

44. Mazur E, Kurczynska EU, Friml J: Cellular events during
interfascicular cambium ontogenesis in inflorescence stems
of Arabidopsis. Protoplasma 2014.

45. Fisher K, Turner S: PXY, a receptor-like kinase essential for
maintaining polarity during plant vascular-tissue
development. Curr Biol 2007, 17:1061-1066.

46. Hirakawa Y, Shinohara H, Kondo Y, Inoue A, Nakanomyo I,
Ogawa M, Sawa S, Ohashi-Ito K, Matsubayashi Y, Fukuda H: Non-
cell-autonomous control of vascular stem cell fate by a CLE
peptide/receptor system. Proc Nat/ Acad Sci U S A 2008,
105:15208-15213.

47. Hirakawa Y, Kondo Y, Fukuda H: TDIF peptide signaling

ee regulates vascular stem cell proliferation via the WOX4
homeobox gene in Arabidopsis. Plant Cell 2010, 22:2618-2629.

The relation between the transcription factor WOX4 and the CLE41/44-

PXY module is deciphered, important for the control of cambium pro-

liferation in Arabidopsis stems.

48. 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.

49. Etchells JP, Turner SR: The PXY-CLE41 receptor ligand pair
defines a multifunctional pathway that controls the rate and
orientation of vascular cell division. Development 2010,
137:767-774.

The authors demonstrate that PXY, expressed in procambial cells,

interacts with CLE peptides, which originate from phloem cells, to

regulate vascular tissue development.

50. 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.

51. JiJ, Strable J, Shimizu R, Koenig D, Sinha N, Scanlon MJ: WOX4
promotes procambial development. Plant Physiol 2010,
152:1346-1356.

52. 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.

53. 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.

54. Uchida N, Lee JS, Horst RJ, Lai HH, Kajita R, Kakimoto T,
Tasaka M, Torii KU: Regulation of inflorescence architecture by
intertissue layer ligand-receptor communication between
endodermis and phloem. Proc Nat/ Acad Sci U S A 2012,
109:6337-6342.

55. 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, 64:5335-5343.

56. Kondo Y, Ito T, Nakagami H, Hirakawa Y, Saito M, Tamaki T,

e Shirasu K, Fukuda H: Plant GSK3 proteins regulate xylem cell
differentiation downstream of TDIF-TDR signalling. Nat
Commun 2014, 5:3504.

In this study, the relationship between CLE41/44-PXY module and plant

glycogen synthase kinase 3 proteins (GSK3s) is characterized. It reveals

the link between CLE41/44-PXY module and the brassinosteroid signal-
ing pathway, and the importance of this pathway for attenuating xylem
differentiation.

57. Cho H, Ryu H, Rho S, Hill K, Smith S, Audenaert D, Park J, Han S,
Beeckman T, Bennett MJ et al.: A secreted peptide acts on
BIN2-mediated phosphorylation of ARFs to potentiate auxin
response during lateral root development. Nat Cell Biol 2014,
16:66-76.

58. Kim TW, Wang ZY: Brassinosteroid signal transduction from
receptor kinases to transcription factors. Annu Rev Plant Biol
2010, 61:681-704.

59. Cano-Delgado A, Yin 'Y, Yu C, Vafeados D, Mora-Garcia S,
Cheng JC, Nam KH, Li J, Chory J: BRL1 and BRL3 are novel
brassinosteroid receptors that function in vascular
differentiation in Arabidopsis. Development 2004,
131:5341-5351.

60. Rademacher EH, Moller B, Lokerse AS, Llavata-Peris Cl, van den
Berg W, Weijers D: A cellular expression map of the Arabidopsis
AUXIN RESPONSE FACTOR gene family. Plant J 2011,
68:597-606.

Current Opinion in Plant Biology 2015, 23:54-60

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0170
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0170
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0175
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0175
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0180
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0180
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0180
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0180
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0185
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0185
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0185
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0185
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0190
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0190
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0190
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0190
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0195
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0195
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0195
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0195
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0195
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0200
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0200
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0200
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0205
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0205
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0205
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0210
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0210
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0210
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0215
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0215
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0215
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0215
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0220
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0220
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0220
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0225
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0225
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0225
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0230
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0230
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0230
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0230
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0230
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0235
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0235
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0235
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0240
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0240
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0240
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0245
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0245
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0245
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0245
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0250
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0250
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0250
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0250
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0255
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0255
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0255
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0260
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0260
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0260
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0265
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0265
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0265
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0270
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0270
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0270
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0270
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0270
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0275
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0275
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0275
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0275
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0280
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0280
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0280
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0280
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0285
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0285
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0285
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0285
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0285
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0290
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0290
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0290
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0295
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0295
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0295
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0295
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0295
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0300
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0300
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0300
http://refhub.elsevier.com/S1369-5266(14)00144-7/sbref0300

	(Pro)cambium formation and proliferation: two sides of the same coin?
	Introduction
	Procambium initiation and development
	The first procambium appearance in the embryo
	Mutual interaction between vascular tissues establishes procambium cell identity
	Laying the roads: establishing auxin transport routes for the connectivity of vascular strands

	The initiation and activity of the vascular cambium
	The CLE-PXY-WOX module controls cambium proliferation
	Cambium activity is promoted by several parallel pathways

	Conclusion
	Acknowledgements
	References and recommended reading


