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Summary

Theevolutionoftheplantvascularsystemisakeyprocess inEarthhistorybecause itenabledplants

to conquer land and transform the terrestrial surface. Among the vascular tissues, the phloem is

particularly intriguing because of its complex functionality. In angiosperms, its principal

components are the sieve elements, which transport phloem sap, and their neighboring

companion cells. Together, they form a functional unit that sustains sap loading, transport, and

unloading. The developmental trajectory of sieve elements is unique among plant cell types

because it entails selective organelle degradation including enucleation. Meticulous analyses of

primary, so-called protophloem in the Arabidopsis thaliana root meristem have revealed key

steps in protophloem sieve element formation at single-cell resolution. A transcription factor

cascade connects specificationwith differentiation andalso orchestrates phloempole patterning

vianoncell-autonomousactionof sieveelement-derivedeffectors.Reminiscentofvascular tissue

patterning in secondary growth, these involve receptor kinase pathways, whose antagonists

guide the progression of sieve element differentiation. Receptor kinase pathways may also

safeguardphloemformationbymaintainingthedevelopmentalplasticityofneighboringcellfiles.

Our current understanding of protophloem development in the A. thaliana root has reached

sufficient detail to instruct molecular-level investigation of phloem formation in other organs.

I. The plant vascular system

The evolution of the vascular system enabled plants to effectively
colonize land and thus had a major impact in shaping the extant
terrestrial biosphere (Raven, 2003; Beerling, 2007). Vascular
tissues (see Box 1 for a glossary) permitted the long-distance
separation of the sites of water and nutrient acquisition from the
sites of photosynthesis and thereby also body plan expansion.

Generally, xylem transportswater and inorganic nutrients absorbed
by the root system to shoot organs, whereas phloem distributes
photosynthates and organicmetabolites throughout the plant from
source to sink organs. Xylem sap transport is mainly driven by the
water potential differential between the soil and the atmosphere
(Pratt & Jacobsen, 2017; Endo et al., 2019). By contrast, transport
of the viscous phloem sap is driven by an osmotic pressure
differential, which builds up through the controlled loading of
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osmotic sugars in the source tissue and their unloading in the sink
tissue (Riesmeier et al., 1993; Chen et al., 2012; Knoblauch
et al., 2016; Ross-Elliott et al., 2017; Zhang & Turgeon, 2018).
Because water exchange between xylem and phloem is necessary for
the bulk transport of phloem sap, the two tissues always develop
near one another. For example, in secondary growth, the radial
expansion of plant stems in dicotyledons, cambial stem cells
produce xylem to the inside and phloem to the outside in a likely
synchronized manner (Sankar et al., 2014; Lehmann & Hardtke,
2016; Smetana et al., 2019; Bagdassarian et al., 2020; Fig. 1a).

Although simple conducting cells can already be found in
bryophytes and even macroalgae (Raven, 2003; Brodribb
et al., 2020), conspicuous xylem and phloem first emerge in the

lycophytes (Spencer et al., 2021). In the dominant group of land
plants, the angiosperms, the vascular tissues show the highest
complexity with respect to cell types and specialization. In the xylem,
end-to-end joined vessel elements form open pipes for unimpeded
xylemsap transport.They are surroundedbyxylemparenchymacells
that performmetabolic support functions such as water storage, and
fiber cells that add structural support (Esau, 1977; Spicer &
Groover, 2010; Slupianek et al., 2021). In thephloem, sieve elements
join end-to-end via their perforated sieve plates to form sieve tubes
that transport phloem sap. Laterally, the sieve elements are also
intimately connected to their neighboring companion cells via
plasmodesmata. Together, sieve elements and companion cells form
a functional unit since the former are maintained by the latter. They
can also be surrounded byparenchymatic andfiber cells (Esau, 1977;
Sankar et al., 2014; Heo et al., 2017). Notably, unlike xylem vessels
(which undergo programmed cell death and lose their protoplasmic
content (Esau, 1977; Fukuda, 1997, 2000)), sieve elements are not
dead. During their differentiation, they undergo a selective autolysis
which drastically alters their cellular makeup (Esau, 1977; Heo
et al., 2017). That is, to optimize phloem sap flow, mature sieve
elements have lost their vacuole, cytoskeleton, Golgi apparatus, and
ribosomes, and only retain reduced mitochondria, plastids, and
endoplasmic reticulum (Knoblauch& van Bel, 1998; Knoblauch&
Oparka, 2012).Moreover, they have also degraded their nucleus and
therefore depend on the neighboring companion cells for the
maintenance of their transport functions. The focus of this review are
molecular mechanisms that participate in the initiation, prolifera-
tion, and differentiation of phloem sieve elements, and their role in
patterning the phloem pole in Arabidopsis thaliana (Arabidopsis).

II. Phloem pole patterning in secondary growth

Vascular tissues are produced by the root and shoot apical
meristems during primary growth, as well as by a lateral meristem,
the vascular cambium, during secondary growth. Molecular-
genetic analyses of secondary growth dynamics in Arabidopsis
roots, hypocotyls, and inflorescence stems have revealed a central
role of receptor kinase pathways in vascular tissue patterning.

1. Secondary growth is a massive yet patterned growth
process

Besides in some early diverging angiosperm lineages, the
phenomenon of secondary growth is almost exclusively observed
in dicotyledons and gymnosperms (Spicer & Groover, 2010).
Although it is most prominent in perennial plants, notably trees, it
also occurs in annual, herbaceous plants such as Arabidopsis
(Chaffey et al., 2002; Sibout et al., 2008; Ragni et al., 2011). The
Arabidopsis hypocotyl is particularly well suited to investigate the
dynamics of secondary growth, because secondary thickening in
hypocotyls only starts once elongation growth has ceased and is
moreover not obscured by parallel primary meristem activity
(Chaffey et al., 2002; Sibout et al., 2008; Ragni et al., 2011).
Hypocotyl secondary growth accelerates upon flowering (Sibout
et al., 2008; Ragni et al., 2011), which triggers a massive
proliferation from a few hundred to several thousand longitudinal

Box 1 Plant vasculature glossary

� Plant vasculature – The network of xylemand phloem strands that
distributes water, nutrients, metabolites, and signaling molecules
throughout the plant body.
� Xylem – The plant vascular tissue that transports xylem sap,
generally from the root system to the shoot organs.
� Phloem – The plant vascular tissue that transports phloem sap,
generally from source to sink organs.
� Protoxylem – The early xylem formed by stem cells in the growth
apices of plants, the meristems.
� Metaxylem – The later primary xylem that persists throughout a
plant organ’s life cycle.
� Secondary xylem – Xylem that is formed by the cambium during
radial thickening of stem(-like) organs and roots.
� Protophloem –The early phloem formed by stem cells in the
growth apices of plants, the meristems.
� Metaphloem – The later, durable primary phloem of mature plant
organs.
� Secondaryphloem –Phloem that is formedby the cambiumduring
radial thickening of stem(-like) organs and roots.
� Cambium – The cylindrical ring of vascular stem cells that is
established as stem(-like) organs and roots mature, and which
produces xylem to one, and phloem to the other side.
� Xylem sap – The aqueous solution of dissolved minerals as well as
signaling molecules transported by the xylem vessels.
� Phloem sap – The viscous solution of photosynthates and
metabolites as well as signaling molecules transported by the sieve
elements.
� Vessels –Hollow, dead cells reinforced by secondary cell walls that
align to form continuous xylem strands and transport xylem sap.
� Sieve elements – Enucleated cells with reduced organelle content
that align to formcontinuous sieve tubesandareadapted to transport
phloem sap.
� Companion cells – Specialized cells that providemetabolic support
to directly neighboring sieve elements and that are also involved in
phloem sap loading and unloading.
� Fibers – Specialized vascular cells with strong, lignified secondary
cell walls in the xylem or phloem that provide structural support.
� Sieve plate – The highly perforated cell wall between two
interconnected sieve elements.
� Phloem pole – The functional unit formed by sieve elements and
their associated companion cells. Sometimes also meant to include
other, directly neighboring cell files such as incipient metaphloem
sieve elements or pericycle cells.
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cell files within a few weeks (Sankar et al., 2014; Fig. 1a). During
this radial expansion, the relative cross-section xylem area increases
and pushes the phloem and periderm further to the outside (Sankar
et al., 2014; Serra et al., 2022). Due to this mechanical strain, the
secondary phloem poles are shifting position, especially in older
tissue as it is displaced further and further to the periphery.
However, image segmentation of tiled high-resolution cross-
sections, combined with a machine learning approach for
automated cell type identification, revealed that the cambium
periodically produces phloem poles at a constant arc distance
(Sankar et al., 2014; Fig. 1b). This suggests that despite the slightly
chaotic visual appearance, secondary phloem pole formation is a
highly controlled and patterned process.

2. Receptor kinase pathways are prominent in vascular
tissue patterning

Secondary growth dynamics displays substantial variation across
Arabidopsis accessions (Sibout et al., 2008; Ragni et al., 2011). For
instance, the cellular-level quantitative analysis revealed a relatively

lower phloem cell proliferation in the Landsberg erecta (Ler)
accession as compared to the common Columbia-0 (Col-0)
laboratory strain (Sankar et al., 2014). This could be attributed
to a quantitative trait locus that is either identical or closely linked
to the ERECTA (ER) locus (Ragni et al., 2011; Ikematsu
et al., 2017). A closely linked locus may appear more likely because
ER gene family knock-out in Col-0 reportedly has the opposite
morphological effect on secondary growth (Ikematsu et al., 2017).
However, it is conceivable that accession-specific genetic modifiers
condition ER gene family impact. Indeed, although single knock-
out of ER in Col-0 does not lead to conspicuous secondary growth
defects (Etchells et al., 2013; Ikematsu et al., 2017), as a second-site
mutation, it specifically enhances the scrambled secondary growth
patterning observed in mutants of the PHLOEM INTERCA-
LATED WITH XYLEM (PXY) gene (a.k.a. TDIF-RECEPTOR;
Fisher & Turner, 2007; Etchells et al., 2013; Uchida &
Tasaka, 2013). Moreover, ER family genes redundantly maintain
procambial cell divisions in stems, and for this activity, their
phloem-specific expression is sufficient (Uchida & Tasaka, 2013).
The phenotype of higher order mutants in which both the ER and

100 µm

35 d
c.17 000 cell files

15 d
c. 1100 cell files

(a)

Arc distance
c.135 µm

20 d

(b)

Secondary
phloem pole

Phloem Cambium

Xylem vessels

Phloem pole

Cambial stem cells

CLE41/44

Secretion

Diffusion(c)

PXY

Xylem fate

Fig. 1 SecondarygrowthofArabidopsis hypocotyls. (a)Cell outlinesofCol-0wild-typehypocotyl cross-sections obtained fromcomputational segmentationof
tiled images (Sankar et al., 2014). The two sections demonstrate the progression of radial growth that occurs within 3 wk. The xylem area on the inside
andphloemarea on the outside are separatedby the clearly visible ring of small cambial stem cells. The large arrays of xylemvessels are typically foundopposite
of phloem poles. (b) Cross-section of a (transgenic) hypocotyl after transition from early diarch to radial symmetry, stained for expression of CVP2, a marker
of emerging phloem sieve elements (blue, b-glucuronidase staining). Computational analyses suggest that the cambium produces phloem poles at a
constant arc distance. (c) Schematic presentation of noncell-autonomous control of receptor kinase pathway activity by their ligands, exemplified by the
CLE41/44-PXY ligand-receptor pair. Developingphloemproduces theCLE41/44peptide ligands,which are secreted and can diffuse in the apoplast to prevent
commitment of cambial stem cells to xylem fate by stimulating PXY activity. See Bagdassarian et al. (2020) for a recent detailed review of receptor kinase
pathway action in secondary growth patterning.
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PXY gene families are completely knocked out suggests that
together, they control vascular tissue organization and its
maintenance, cambial cell divisions, and the rate of vascular tissue
differentiation in an organ-specific manner, but also that they are
not absolutely necessary for either phloem sieve element or xylem
vessel formation (Wang et al., 2019).

Both ER and PXY encode leucine-rich-repeat (LRR) transmem-
brane receptor kinases (RKs) that transmit secreted peptide signals
(Hirakawa et al., 2008, 2010; Abrash et al., 2011; Uchida
et al., 2012; Zhang et al., 2016). Cambial activity is alsomodulated
in antagonistic manner by the MORE LATERAL GROWTH 1
(MOL1) and REDUCED IN LATERAL GROWTH 1 (RUL1)
LRR-RKs (Agusti et al., 2011; Gursanscky et al., 2016).Moreover,
vascular tissue organization also involves the brassinosteroid
receptor BRASSINOSTEROID INSENSITIVE 1 (BRI1) and
its BRI1-LIKE (BRL) homologs BRL1, BRL2 (a.k.a. VASCULAR
HIGHWAY 1), and BRL3 (Clay & Nelson, 2002; Ibanes
et al., 2009). Finally, the receptors and their ligands, as far as they
are known, are typically not expressed in the same cell types
(Fig. 1c), suggesting that they mediate important inter-cellular
communication in vascular tissue patterning (Bagdassarian
et al., 2020). Thus, molecular-genetic analyses of secondary growth
revealed a preponderance of LRR-RK signaling pathways in
vascular tissue organization, which is also a recurring theme in
phloem differentiation (to be described later).

III. Seeing clear through VISUAL

Developmental plasticity is a hallmark of plant ontogeny, as
demonstrated by the capacity of already specified plant cells to
adopt a new fate depending on their relative position in the organ
(van den Berg et al., 1995). A drastic example of this plasticity is the
reprogramming of leaf mesophyll cells into vascular cells in tissue
culture, which has yielded major insights into the transcriptomics
of vascular tissue formation.

1. Inducible trans-differentiation of mesophyll cells into
conductive vascular tissues

A key intermediate in the signaling cascade downstream of BRI1 is
BRASSINOSTEROID INSENSITIVE 2 (BIN2), a cytoplasmic
kinase of the Glycogen Synthase Kinase 3 (GSK3)/SHAGGY
family. BIN2-LIKE (BIL) proteins are also targeted by PXY (Cho
et al., 2014; Kondo et al., 2014; Han et al., 2018). Stimulation of
PXY signaling by its CLAVATA3/EMBRYO SURROUNDING
REGION-RELATED 41 (CLE41) and the sequence-identical
CLE44 dodeca-peptide ligands (a.k.a. TRACHEARYELEMENT
DIFFERENTIATION INHIBITORY FACTOR) is important
for precise cambium positioning in secondary growth (Fig. 1c) and
activates GSK3s to suppress xylem differentiation (Kondo
et al., 2014). The discovery of a pharmacological small-molecule
inhibitor of BIN2 and GSK3s/BILs, called bikinin (De Rybel
et al., 2009), could thus be exploited to establish an in vitro system
for xylem tissue differentiation. Bikinin treatment of leaf disks or
excised cotyledons combined with simultaneous auxin and
cytokinin application was initially found to promote trans-

differentiation of mesophyll cells into xylem vessels via an
intermediate procambial stage (Kondo et al., 2015). Subsequently,
it was discovered that in this same assay, which was namedVascular
Cell InductionCulture SystemUsing Arabidopsis Leaves (VISUAL), a
roughly equal portion of mesophyll cells transdifferentiated into
phloem sieve elements (Kondo et al., 2016; Fig. 2a). This highlights
once more the strong coupling of xylem and phloem formation,
which has also been confirmed by high-resolution clonal sector
analyses of secondary growth (Shi et al., 2019; Smetana
et al., 2019). These studies found that cambial stem cells are
bifacial, that is they possess the capacity to produce either xylem or
phloem (Fig. 1a).

2. Auxin levels determine the abundance of VISUAL phloem
cell types

In the organ context, the bifacial activity of the cambial stem cells
is usually firmly polarized, that is they exclusively produce future
xylem to one side and future phloem to the other (Fig. 1a). The
fate of their daughter cells is at least in part determined by the
local phytohormone status, notably the level of auxin, which is
maintained in a gradient across the phloem-xylem border and
therefore is likely responsible for the organ-level polarity (Suer
et al., 2011; Liebsch et al., 2014; El-Showk et al., 2015;
Han et al., 2018; Smetana et al., 2019; Smit et al., 2020; Makila
et al., 2023). The importance of the relative auxin level is also
reflected in a variation of the VISUAL assay, VISUAL-CC, which
increases the low abundance of companion cells observed in
VISUAL (Tamaki et al., 2020). Compared with VISUAL, the
higher ratio of companion cells to sieve elements was achieved by
combining a lower auxin level with higher GSK3 activity
(Fig. 2a). Bulk transcriptomic analyses of VISUAL and
VISUAL-CC time courses revealed the temporal dynamics of
the trans-differentiation process, which takes 72–96 h to complete
(Kondo et al., 2016; Tamaki et al., 2020; Fig. 2b). These time
courses not only identified the NAC DOMAIN-CONTAINING
PROTEIN 20 (NAC020) transcription factor as a likely regulator
of sieve element differentiation (Kondo et al., 2016), but also
found that known regulators of phloem development in the root
context are differentially expressed in VISUAL(-CC) over time
(Fig. 2c). Their sequence roughly matches their spatio-temporal
expression in the root protophloem (to be described later).

IV. Protophloemdevelopment in theArabidopsis root
tip

Historically, phloem observation is challenging because sieve
elements are thin, highly anisotropic, and buried rather deep
inside plant organs. However, during organ formation in primary
growth, xylem and phloem are continuously formed from the
stem cell niches in meristems. The meristems are terminal sinks,
whose growth is sustained by phloem sap delivery through the
early, so-called protophloem (Ross-Elliott et al., 2017). Com-
pared with the later metaphloem or with secondary phloem,
protophloem thus develops relatively close to the meristem surface
in a predictable location and orientation. Especially, the
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protophloem in the Arabidopsis root tip has therefore become the
tissue of choice for (noninvasive) molecular-genetic and cell
biological investigation of phloem development. Moreover,
progress in the performance of confocal microscopy instruments,
staining protocols that permit routine identification of proto-
phloem sieve elements in whole-mount imaging, and fixation
procedures that not only preserve cellular structure in meriste-
matic as well as mature tissues but also reporter protein
fluorescence have overcome the major technical hurdles (Truernit
et al., 2008; Kurihara et al., 2015; Graeff & Hardtke, 2021).
Combined with genetic analyses, these techniques allow the
routine observation of protophloem development and thereby
aided in the isolation and characterization of numerous proto-
phloem mutants and molecular markers.

1. The trajectory of phloem pole development

In the Arabidopsis root meristem, apical stem cells that reside
adjacent to the quiescent center produce two separate protophloem
poles (Fig. 3a). Each of them consists of a protophloem sieve
element cell file that is flanked by two incipient companion cell files,

an incipient metaphloem sieve element cell file to the inside, and
two protophloem pole pericycle cell files to the outside (Fig. 3b).
The protophloem and metaphloem sieve element cell files derive
from the same precursor, which itself derives from a stem cell
daughter that also gives rise to the procambial file (Mahonen
et al., 2000; Furuta et al., 2014a; Rodriguez-Villalon et al., 2014;
Fig. 4a). Thus, close to the stem cell niche, the phloem sieve element
lineage undergoes two subsequent periclinal formative divisions.
Thereafter, the development of the protophloem sieve elements can
be followed along a spatio-temporal gradient of c. 20–30 cells
(depending on root meristem age/size) from stem cell daughter to
mature sieve element (Furuta et al., 2014b; Rodriguez-Villalon
et al., 2014; Fig. 4b). Compared with other proximal tissues,
protophloem sieve elements thus differentiate early, while
neighboring cells still divide or undergo expansion growth
(Esau, 1977; Lopez-Salmeron et al., 2019; Graeff & Hardtke,
2021). Molecular markers indicate that the companion cells only
differentiate once the protophloem sieve elements are fully
elongated and functional (Graeff & Hardtke, 2021). Moreover,
they also serve the metaphloem sieve elements, which replace the
protophloem sieve elements as they eventually become

VISUAL VISUAL-CC

Trans-differentiation
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Fig. 2 Trans-differentiation in the VISUAL
assay. (a) Schematic presentation of VISUAL
assays. Cut cotyledons (or leaf disks) are
transferred into VISUAL culture media and
gently shaken in the dark to induce re-
specification of mesophyll cells toward xylem
vessel or phloem sieve element fate, via an
intermediate procambial stage. Lower auxin
and bikinin concentrations in the media
promote the concomitant formation of
companion cells (VISUAL-CC). (b) Timeline of
the VISUAL trans-differentiation process (see
Kondo et al., 2016), as defined by temporal
gene expression profiles. Bulk transcriptomics
identified four distinct temporal modules
comprising a total of c. 200 genes that are
associated with phloem sieve element
formation after peak expression of procambial
markers. (c) They include several genes that
have been described in the context of root
protophloem development, suggesting that
sieve element development in different organ
contexts follows a common genetic program.
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nonfunctional and are obliterated (Esau, 1977; Graeff & Hard-
tke, 2021).Metaphloem is retained as themain conducting phloem
inmature parts of the root but can be replaced by secondary phloem
once secondary growth sets in. Finally, the phloem-associated
pericycle cells are the main conduit for phloem sap unloading and
therefore sometimes considered part of the phloem pole (Ross-
Elliott et al., 2017; Otero et al., 2022).

Defects in protophloem development typically have detrimen-
tal systemic consequences on root meristem growth and
maintenance, and most mutants with such defects were therefore
initially isolated because of their short root phenotype (Bonke
et al., 2003; Mouchel et al., 2004; Ingram et al., 2011; Anne &
Hardtke, 2017; Wallner et al., 2017). In general, they fall into one
of three principal categories: mutants that fail to initiate the
phloem (sieve element) lineage altogether; mutants in which a
fraction of the sieve element precursors does not enter the
differentiation program, resulting in not fully penetrant, see-
mingly stochastic differentiation failures; and mutants in which
one or several fundamental aspects of sieve element morphogenesis
are absent. In all three cases, the formation of protophloem sieve
tubes or their continuity or functioning are disrupted and phloem
sap delivery to the meristem is thus suboptimal. Nevertheless, with
few exceptions (Ingram et al., 2011), it is generally not possible to
mend the impaired root growth of such mutants by providing
nutrients in the culture media. This indicates that beyond its
nourishing function, the protophloem also delivers or produces

systemic signaling molecules and acts as an organizer of root
meristem morphogenesis.

2. A transcription factor cascade connects sieve element
specification with differentiation

Apart from mutants that generically affect meristem patterning or
formative divisions close to the stem cell niche, and which are
therefore not specifically required for protophloem formation
(Bishopp et al., 2011;DeRybel et al., 2013;Crook et al., 2020), the
first category of mutants comprises relatively few players. Among
them, the putative transcriptional regulators SUPPRESSOR OF
MAX 2-1-LIKE 3 (SMXL3), SMXL4, and SMXL5 (SMXLs
hereafter) act redundantly and in a dosage-dependent manner as
cell-autonomous key promoters of phloem formation (Wallner
et al., 2017). Their central role in phloem initiation was not only
demonstrated by the eventual failure of increasingly higher order
smxlmutants to make root protophloem, but also supported by the
observations that viable smxl mutant combinations with subopti-
mal SMXLdosage fail to produce transdifferentiated phloem in the
VISUAL assay or secondary phloem in stems (Wallner et al., 2017,
2020).

A combination of live imaging, stage-specific cell sorting, and
single-cell mRNA sequencing has recently characterized proto-
phloem sieve element maturation at extraordinary spatial and
temporal resolution (Roszak et al., 2021). This study found that a
new sieve element appears around every 2 h, whereas the entire
trajectory from stem cell daughter to mature sieve element takes
c. 3–4 d (Fig. 4c). After an initial stem cell division, which only
happens every 5–6 d, this trajectory comprises a nearly 3-d-long
phase of repeated cell division that also covers the two formative
divisions. This is followed by a c. 12 h period during which the
transition to differentiation and initial cell elongation take place,
and finally a c. 8 h period of terminal differentiation that
encompasses the remodeling of cellular contents including
enucleation (Roszak et al., 2021).

The regulatory cascade that drives this developmental trajectory
could be deciphered through pseudo-time analysis of the spatially
ordered single-cell mRNA sequencing data buckets and its
integration with prior knowledge from mutant and gene analyses.
This approach revealed that the PLETHORA (PLT) transcription
factors, which are strongly expressed in the stem cell niche and
required for its maintenance (Aida et al., 2004), are also early key
determinants of the protophloem lineage (Fig. 4c). Their activity
intersects with the DNA-BINDING ONE ZINC FINGER
(DOF) transcription factors PHLOEM EARLY DOF 1 (PEAR1)
and PEAR2, which act redundantly with additional DOF
transcription factors (collectively name PEAR proteins in the
following) to control formative cell divisions in and around
developing protophloem sieve elements (Miyashima et al., 2019).
At least in the case of PEAR1 and PEAR2, this involves noncell-
autonomous action, because whereas the two genes are specifically
expressed in developing sieve elements, the proteins are also
detected in neighboring cell files and form a short-range gradient,
presumably by trafficking via plasmodesmata. The spatial restric-
tion of PEAR expression to the phloem pole is likely due to

50 µm

Stem cells
Atrichoblasts
Trichoblasts
Cortex
Endodermis
Pericycle
Procambium
Protoxylem
Metaxylem
Metaphloem sieve elements
Protophloem sieve elements
Companion cells
Phloem pole pericycle

(a)

(b)  Protophloem pole

Fig. 3 Protophloem formation in the Arabidopsis root tip. (a) Schematic
presentation of cell outlines and tissue types in a (semi-)longitudinal and a
horizontal cross-section, drawn from an actual Arabidopsis primary root
(without columella-root cap cells). The radial pattern in the stele is
determined by mutual interaction between auxin and cytokinin signaling,
which control the expression of distinct vascular cell type regulators. See
Fukuda & Ohashi-Ito (2019) for a review of auxin–cytokinin interaction in
vascular patterning. (b) Highlight of an isolated protophloem pole.
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interactionwith vascular patterning cues emanating from the xylem
axis (Miyashima et al., 2019). The initial radial pattern in the stele
(Fig. 3a) is determined by mutual interactions between auxin and
cytokinin signaling (Bishopp et al., 2011; De Rybel et al., 2014)
and possibly reinforced by mechanical constrains emerging from
formative cell divisions (Fujiwara et al., 2023). Moreover, the

pattern is likely stabilized by PEAR genes because they are
cytokinin-inducible, since the auxin-cytokinin interactions set up
high cytokinin signaling in the early protophloem lineage (Fukuda
& Ohashi-Ito, 2019; Miyashima et al., 2019). Thus, longitudinal
patterning by PLT proteins, which form a gradient due to their
relatively high stability as they are progressively diluted over cell

50 µm

Procambium

Companion cells
Protophloem sieve elements
Metaphloem sieve elements

Phloem pole pericycle

Stem cells
Quiescent center

Sieve element – procambial precursors

Differentiating protophloem sieve elements
Proliferating protophloem sieve elements
Proto/metaphloem sieve element precursors

Mature protophloem sieve elements

Sieve element – procambial stem cell

Transit amplification

Partial elongation 
Selective autolysis 
Enucleation

Full elongation
Sap unloading

Proliferation
2nd formative division

Specification
1st formative division

Protophloem
pole

Protophloem sieve
element lineage

(a) (b)

(c)

SMXL3
SMXL4/5

APL

JUL1/2

PEAR

PLT

NAC45/86
NEN1-4

CALS7

c. 60 c. 58 c. 12 c. 4 c. 4

Gene expression/protein levels

Time (h)

Fig. 4 Transcriptional control of the
protophloem sieve element trajectory. (a, b)
Schematic longitudinal presentation of an
actual protophloem pole (a) and detailed
developmental trajectory of the sieve element
lineage (b). (c) Spatio-temporal model sketch
of the transcription factor cascade that
connects stem cell regulators (PLT) with
effectors of terminal differentiation
(enucleation; NEN1-4). High expression of
PLT in the stem cell niche drives expression of
the phloem lineage promoter SMXL3, and
possibly also of its homologs SMXL4 and
SMXL5, as well as of the post-transcriptional
regulators JUL1 and JUL2. Parallel expression
of PEARs further promotes formative divisions
and phloem fate, whereas commitment to the
sieveelementdifferentiationprogram isputon
hold by JUL1/2-mediated suppression of
SMXL4/5 translation and antagonistic
competition between PLT and PEARs for
control of APL expression. As inherited PLT
protein is gradually diluted across the two
formative divisions of the sieve element
lineage precursors, PEARs eventually win and
stimulate APL expression. This triggers the
transition toward differentiation and the APL-
mediated activation of structural effectors of
sieve element formation via another layer of
intermediate transcription factors such as
NAC45 and NAC86. Expression levels and
spatial profiles are indicated approximate and
relative based on the literature (see Roszak
et al., 2021 for details).
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divisions (Mahonen et al., 2014), may intersect with radial
patterning to set up phloem pole position.

Whereas PEARs are apparently not directly controlled by
PLTs, at least SMXL3, but probably also SMXL4 and SMXL5, are
likely targets of PEARs and might convey the latter’s additional
cell-autonomous role in sieve element specification (Miyashima
et al., 2019; Qian et al., 2022). Moreover, unlike PEAR genes,
SMXL3 expression in the phloem also responds to PLT induction
(Santuari et al., 2016). This suggests that both PLTs and PEARs
synergistically promote SMXL3 expression and thereby reinforce
specification of the phloem lineage. However, at the same time,
PLTs and PEARs antagonize each other in the control of
ALTERED PHLOEM DEVELOPMENT (APL), a key transcrip-
tional regulator of protophloem sieve element differentiation later
in the trajectory (Bonke et al., 2003; Furuta et al., 2014b). Close
to the stem cell niche, PLTs dominate this competition and
prevent APL induction. However, as PLT levels gradually fade
out, PEARs can take over APL control and induce its expression,
which is one of the prerequisites for the transition to differentia-
tion (Roszak et al., 2021). Thus, the high levels of PLTs around
the stem cell niche may permit transient amplification of stem cell
daughters before their actual commitment to the sieve element
differentiation program by APL induction via a hand-off to
PEARs.

Transit-amplifying cells are apparently nevertheless committed
to phloem fate very early because of PLT-mediated SMXL3
induction, as suggested by molecular markers (Rodriguez-Villalon
et al., 2014, 2015;Wallner et al., 2017). This commitment may be
earmarked andput onhold however by post-transcriptional control
of overall SMXL protein activity. Similar to SMXL3, both SMXL4
and SMXL5 are expressed in the phloem pole from very early on
(Wallner et al., 2017). Unlike SMXL3 however, SMXL4 and
SMXL5 contain a critical G-quadruplex in the 50-UTR of their
mRNA, which can be bound by the RNA-binding proteins JULGI
1 (JUL1) and JUL2 to prevent their efficient translation (Cho
et al., 2018). Both JUL1 and JUL2 respond strongly to PLT
induction (Santuari et al., 2016) and consistently show high levels
of expression close to the stem cell niche (Roszak et al., 2021).Thus,
by controlling JUL expression, the PLT protein gradient may
indirectly promote a SMXL protein counter-gradient (Fig. 4c).
Because JUL regulation of SMXL mRNAs inhibits phloem
differentiation (Cho et al., 2018), this early surge of JUL expression
might serve as a second regulatory layer to prevent premature entry
into the differentiation program.

During the early stages, PEARs also stimulate the expression of
rate-limiting RHO OF PLANTS (ROP) GTPase signaling
components, which promote the transient cell division plane
reorientations in the two successive formative divisions (Roszak
et al., 2021). Thereafter, PEARs win the fight for control over APL
expression, which in turn activates genes that are required for sieve
element differentiation (Furuta et al., 2014b; Miyashima
et al., 2019). Confirmed APL targets include genes that encode
effectors involved in structural remodeling of the cell, such as
CALLOSE SYNTHASE 7 (CALS7), which is required for the
development of properly sized sieve plate pores (Barratt et al., 2011;
Xie et al., 2011), or AUTOPHAGY8A (ATG8A), which promotes

cellular autolysis (Chen et al., 2019). However, APL also promotes
the expression of additional transcription factors, NAC45 and
NAC86, which act redundantly to control yet another set of
effectors that are necessary for sieve element autolysis and
enucleation (Furuta et al., 2014b; Fig. 4c). Most prominent
among the latter are the NAC45/86-DEPENDENT
EXONUCLEASE-DOMAIN PROTEINs 1 to 4 (NEN1 to
NEN4), which are necessary for the completion of the enucleation
process (Furuta et al., 2014b). In summary, a set of studies over the
last two decades identified a spatio-temporal cascade of transcrip-
tion factors that connects essential regulators of stem cell
maintenance to essential structural effectors of protophloem sieve
element differentiation.

3. Auxin canalization coordinates the progression of sieve
element differentiation

Despite the astounding progress, the regulatory network is still
incomplete. For example, how APL suppresses xylem vessel-type
cell wall thickening in favor of phloem sieve element-specific cell
wall thickening remains unclear (Truernit et al., 2008). Moreover,
not all aspects of sieve element differentiation are controlled by
APL, for instance apl mutants as well as nac45/86 double mutants
still form sieve plates (Truernit et al., 2008; Furuta et al., 2014b;
Kalmbach&Helariutta, 2019).Obvious candidates for the control
of other aspects are the SMXLs. Although their direct target genes
remain to be determined, transcriptome profiles and reporter
analyses of smxl mutant backgrounds show that key regulators of
phloem differentiation such as APL, CALS7, NAC86, or NEN4
depend on them at least indirectly, consistent with the essential role
of SMXLs in protophloem formation (Wallner et al., 2017).
Moreover, SMXLs are required for the expression of genes that
constitute another regulatory layer, in the timing of sieve element
differentiation (Wallner et al., 2017, 2020). Corresponding loss-
of-function mutants are characterized by a short root phenotype
that can be traced back to not fully penetrant protophloem
differentiation defects (Anne & Hardtke, 2017). For instance, in
mutants of the BREVIS RADIX (BRX) and OCTOPUS (OPS)
genes, which both encode distinct plant-specific plasma-
membrane-associated proteins, individual protophloem sieve
element precursors frequently display differentiation failures
(Truernit et al., 2012; Rodriguez-Villalon et al., 2014). Such cells
stand out as morphological ‘gaps’ among flanking, normally
differentiating cells, because they do not build up the sieve element-
specific cell wall and because their nucleus persists. These seemingly
stochastic defects are sufficient to disrupt protophloem sieve tube
function, because they prevent efficient phloem sap delivery to the
root meristem (Cattaneo &Hardtke, 2017; Cattaneo et al., 2019).
The loss of differentiation markers, such as APL expression,
confirms that the ‘gap cells’ do not enter the differentiation
program (Depuydt et al., 2013; Rodriguez-Villalon et al., 2014).
However, they still express other sieve element-specific markers,
such as COTYLEDON VASCULAR PATTERN 2 (CVP2), which
indicates that ‘gap cells’ were initially correctly specified
(Rodriguez-Villalon et al., 2015; Marhava et al., 2018; Moret
et al., 2020).
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BRX is primarily polar localized, at the rootward end of
developing protophloem sieve elements, where it interacts with
other plasma-membrane-associated proteins to dynamically reg-
ulate cellular auxin efflux (Marhava et al., 2018, 2020; Fig. 5a).

Together with the AGC-type kinase PROTEIN KINASE
ASSOCIATEDWITH BRX (PAX), it forms a regulatory module
whose localization is reinforced by interaction with
phosphatidylinositol-4-phosphate 5-kinases (PIP5Ks) and
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Fig. 5 Regulation of polar auxin transport in developing protophloem sieve elements. (a) Schematic presentation of the key regulatory players that guide sieve
element development in theArabidopsis root tip. Polar auxin efflux by rootward-localized PINs is subject to protophloemsieve element-specific regulation by a
plasma-membrane-associatedmolecular rheostat (BRX& PAX). Its localization is reinforced by interactionwith PIP5K,which thereby antagonizes dissociation
of the rheostat by BAM3-mediated CLE45 signaling via PBLs. CLE45 sensing is also dampened by the OPS protein. (b) Subcellular localization of the PIP5K-
rheostat module and PINs at the rootward plasma membrane of developing protophloem sieve elements. The combined activity of BRX-PAX-PIP5K in the
centerof themembrane results indepletionofPIN,which is thereforemoreabundant in theperiphery. (c)Model of thedynamicsofpolar auxinefflux regulation
in developing protophloem sieve elements. At low intracellular auxin levels, PAX, BRX, and PIP5K interact at the plasmamembrane (1). Local production of PI
(4,5)P (a promoter of PAX plasmamembrane association) by PIP5K activity reinforces the localization of all three proteins. Because BRX inhibits PAX activity,
auxin efflux is low. As intracellular auxin builds up, PAX activity is stimulated via PDK-mediated phosphorylation (2). PAX can now phosphorylate BRX (3),
leading to its dissociation from the plasma membrane and allowing activation of PINs via PAX-mediated phosphorylation (4). The stimulation of auxin
efflux is eventually reset as BRX is degraded, PIP5K dissociates from the plasma membrane (since its polar localization largely depends on BRX) and PAX
association with the plasma membrane consequently decreases as well (5). Moreover, PIN activation by PAX eventually also entails its clathrin-mediated
endocytosis (6) and auxin efflux ceases. Eventually, the system returns to its initial state (1) because of auxin-induced BRX and PIP5K transcription in the
meantime. These steps play out in a dynamic steady equilibrium that coordinates auxin levels between adjacent cells, thereby prevents fate bistability, and
canalizes auxin in the developing sieve element cell file (see Aliaga Fandino & Hardtke, 2022 for a detailed review of auxin canalization in the protophloem).
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controls the local abundance and activity of plasma-membrane-
integral PIN-FORMED (PIN) auxin efflux carriers (Fig. 5b). In
this regulatory module, PAX is thought to activate PIN-mediated
auxin efflux by phosphorylation of target sites in the PIN
hydrophilic loop, like other clade VIII AGC protein kinases
(Zourelidou et al., 2014; Fig. 5c). Moreover, PAX can phosphor-
ylate its inhibitor BRX, which leads to BRX dissociation from the
plasmamembrane (Koh et al., 2021;Wang et al., 2023). However,
PAX is a relatively poor PIN activator unless it is itself activated by
3-PHOSPHOINOSITIDE-DEPENDENTPROTEINKINASE
1 (PDK1)- or PDK2-mediated phosphorylation (Zegzouti
et al., 2006; Gray et al., 2013; Marhava et al., 2018; Xiao &
Offringa, 2020). Because PAX activity is induced by cellular auxin
accumulation (Marhava et al., 2018), the system works as a
molecular rheostat: High auxin levels activate PAX, likely via
PDKs, leading to BRX plasma-membrane-dissociation, PIN
activation, and increased auxin efflux. Because auxin levels
consequently drop, because BRX is required for efficient PIP5K
polarity, and because PIP5K catalyzes the phosphoinositide species
that promotes PAX polarity, the system eventually returns to its
initial state (Barbosa et al., 2016;Marhava et al., 2018, 2020;Wang
et al., 2023; Fig. 5c). Moreover, this cycle is reinforced by PAX-
triggered PIN internalization, likely through clathrin-mediated
endocytosis (Marhava et al., 2020; Wang et al., 2023). Along a file
of interconnected developing sieve elements, these local interac-
tions are thought to play out in a dynamic steady equilibrium that
coordinates auxin levels between adjacent cells through controlled
polar auxin transport (Moret et al., 2020; Aliaga Fandino &
Hardtke, 2022). In addition, this machinery drains auxin from
neighboring cell files because of auxin-responsive feed-forward
expression of the apolar auxin influx facilitator AUX1 (El-Showk
et al., 2015; Moret et al., 2020). Collectively, this multilayered
system orchestrates local auxin accumulation in developing sieve
elements, which instructs properly coordinated differentiation
timing (Marhava et al., 2018;Moret et al., 2020; Aliaga Fandino&
Hardtke, 2022). Loss of this coordination, for example in brx or pax
mutants, leads to heightened auxin competition between adjacent
sieve elements and triggers fate bistability, which results in the ‘gap’
differentiation failures that occur, indeed, in a nonrandom pattern
(Moret et al., 2020).

The importance of polar auxin transport regulation for sieve
element development was recently directly demonstrated by
inducible protophloem-specific PIN depolarization, which inter-
fered with sieve element differentiation and root growth (Wang
et al., 2023). The notion that elevated auxin levels, albeit not the
high levels required for stem cell niche formation or maintenance
(Sabatini et al., 1999), are associated with protophloem formation
is further supported by observation of auxin sensors, which indicate
that auxin levels are higher in developing protophloem sieve
elements than in neighboring cell files (Santuari et al., 2011;Moret
et al., 2020).Moreover, higher auxin levels in VISUAL favor trans-
differentiation toward sieve elements over companion cells (Kondo
et al., 2016; Tamaki et al., 2020), and intriguingly, primary root
protophloem defects in mutants of the LATERAL ROOT
DEVELOPMENT 3 (LRD3; a.k.a. DA1-RELATED PROTEIN 2
(Peng et al., 2013)) gene can be rescued by adding auxin to the

culture medium (Ingram et al., 2011). Thus, protophloem sieve
element differentiation may represent a variation of the classic
concept of auxin canalization, which posits that auxin accumula-
tion in narrow ‘canals’ promotes vascular tissue formation (Berleth
et al., 2000; Ravichandran et al., 2020; Kneuper et al., 2021; Aliaga
Fandino & Hardtke, 2022; Hajny et al., 2022).

4. CLE peptide sensing pathways inhibit sieve element
formation

Loss-of-function mutants in OPS appear very similar to brx
mutants (Truernit et al., 2012).However, because the phenotype of
brx ops double mutants is additive and because dominant ops alleles
can (partially) rescue the brx phenotype, the two genes are thought
to act independently (Rodriguez-Villalon et al., 2014; Breda
et al., 2017). Indeed, although OPS is also primarily plasma-
membrane-associated and polar localized, it is mostly found at the
shootward end of cells, opposite BRX (Truernit et al., 2012;
Rodriguez-Villalon et al., 2014; Fig. 5a). Yet,OPSpolarity possibly
only has minor functional significance (Breda et al., 2017). A most
fascinating aspect of OPS is its highly dosage-sensitive action. For
example, OPS copy number increase can suppress the brx
phenotype, and phosphomimic gain-of-function variants that
render OPS protein hyperactive can even complement the severe
brx ops double mutant phenotype (Breda et al., 2017, 2019).
Moreover, ectopic OPS overexpression severely impairs overall
plant development, possibly by generically promoting premature
cellular differentiation (Anne et al., 2015; Breda et al., 2019).

The exact molecular mode of action of OPS remains largely
elusive (Breda et al., 2017). However, various independent
evidences suggest thatOPS interferes with receptor kinase signaling
pathways. For example, OPS may promote brassinosteroid
signaling by inhibiting BIN2 activity (Anne et al., 2015), although
whether this reflects its genuine function in protophloem
development remains unclear (Kang et al., 2017). Interestingly
however, brassinosteroid receptors are redundantly required for
proper sieve element differentiation (Kang et al., 2017), despite
their possible sub-functionalization in other contexts (Fabregas
et al., 2018). Moreover, OPS gain-of-function inhibits sensing of
the secreted CLE45 peptide ligand by its cognate receptor, the
LRR-RK BARELY ANY MERISTEM 3 (BAM3), likely through
direct interference with BAM3 signaling component interactions
(Breda et al., 2019; Fig. 5a). BRI1 hyperactivity in the protophloem
also confers CLE45 resistance (Graeff et al., 2020), and both brx
and ops loss-of-function can be rescued by second-site bam3 loss-of-
function (Depuydt et al., 2013; Rodriguez-Villalon et al., 2015).
Together with the finding that CLE45-BAM3 signaling is
hyperactive in brx and ops mutants (Depuydt et al., 2013; Breda
et al., 2019), these data suggest that CLE45 signaling must be
dampened in developing sieve elements to permit their differentia-
tion. Consistently, transgenic CLE45 dosage increase and external
CLE45 application suppress protophloem formation (Rodriguez-
Villalon et al., 2014; Czyzewicz et al., 2015).

Besides CLE45, other so-called ‘root-active’ CLE peptides also
inhibit root growth when applied externally at nanomolar
concentrations because they suppress protophloem sieve element
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specification (Ito et al., 2006; Kinoshita et al., 2007; Rodriguez-
Villalon et al., 2014; Hazak et al., 2017). In the case of stimulus-
induced CLE peptides, this might trigger an adaptive shutdown of
an unproductive sink meristem (Fukuda & Hardtke, 2020). It
remained puzzling however why a few of the most efficient root-
active CLE peptides, CLE25, CLE26, andCLE45, are expressed in
developing sieve elements then (Rodriguez-Villalon et al., 2014;
Anne et al., 2018; Qian et al., 2018; Ren et al., 2019). Moreover,
because both CLE45 and BAM3 and other rate-limiting compo-
nents required for CLE(45) peptide sensing are expressed
throughout the developmental trajectory (Depuydt et al., 2013;
Rodriguez-Villalon et al., 2014, 2015; Kang & Hardtke, 2016;
Hazak et al., 2017; Anne et al., 2018; Blumke et al., 2021; Roszak
et al., 2021; DeFalco et al., 2022; Hu et al., 2022; Wang
et al., 2022), how sieve elements escape the proposed autocrine
inhibition of their differentiation remained unclear.

A recent study found that CLE45 perception depends on
apoplastic pH (Diaz-Ardila et al., 2023). That is, roots do not sense

externally applied CLE45 if they are grown on neutral or alkaline
pH. Moreover, unlike neighboring cell files, developing sieve
elements no longer respond to CLE45 once they transitioned
toward differentiation (Rodriguez-Villalon et al., 2014; Diaz-
Ardila et al., 2023). These findings match an observed pH gradient
along the apoplast of sieve element cell files, which culminates in a
marked alkalinization upon transition to differentiation (Diaz-
Ardila et al., 2023). Although a mechanistic explanation for this
phenomenon is still missing, the data thus suggest that sieve
element precursors self-organize their transition to differentiation
by apoplastic alkalinization, which allows them to evade theCLE45
signal (Diaz-Ardila et al., 2023; Fig. 6a). Interestingly, it has been
reported that threshold cellular auxin levels at least transiently
trigger apoplastic alkalinization (Du et al., 2020; Li et al., 2021).
Thus, auxin canalization in developing sieve elements may be
required for eventual desensitization against the autocrine CLE45
signal. A recent study, which proposes that CLE45-BAM3
signaling directly interferes with auxin efflux regulation by the
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differentiation, and paracrine together with CLE25 and CLE26 via BAM1 and RPK2 to suppress ectopic sieve element fate in the neighboring incipient
metaphloem and companion cell files. Gradual alkalinization of their apoplast allows sieve elements to eventually evade the autocrine CLE45 signal and
transition toward differentiation (top). (b) PEARs are redundantly required cell-autonomously for sieve element specification, but also act noncell-
autonomously by trafficking to the neighboring cell files and inducing early formative divisions required for the formation of surrounding cell files. Positive
autoregulatory feedback of PEARs on their own expression is dampened by paracrine action of (PEAR-stimulated) CLE25 via its high-affinity receptor BAM1,
thereby contributing to the inhibition of sieve element fate in the neighboring cell files. (c) Quantitative easing of paracrine CLE peptide signaling upon
stochastic sieve element specification failure relieves fate inhibition in the neighboring metaphloem/companion cells and permits safeguarding of sieve tube
continuity, through bridging of the defect in the genuine sieve element cell file.
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BRX-PAX rheostat via the redundant downstream RLCK-VII/
PBS1-LIKE (PBL) cytoplasmic kinases PBL34, PBL35, and
PBL36 (Fig. 5a; DeFalco et al., 2022; Wang et al., 2023), provides
a starting point to explore this notion mechanistically. This is
because interference ofCLE45-BAM3-PBL signalingwith rheostat
assembly is antagonized by PIP5K recruitment, and because auxin
stimulates PIP5K activity (Tejos et al., 2014).

V. Sieve elements control spatial protophloem pole
patterning

CLE peptide signaling pathways fulfill various roles in the root
meristem, for instance they contribute to stem cell maintenance
and promote formative divisions (Berckmans et al., 2020; Crook
et al., 2020). Whether CLE25/26/45 sensing is somehow required
for protophloem development, for instance to prevent premature
transition of sieve element precursors to differentiation, remains
unclear because of redundancies between CLE peptides as well as
compensatory cross-regulation between CLE sensing pathways
(Nimchuk, 2017; Crook et al., 2020; Kang et al., 2022; Qian
et al., 2022; Wang et al., 2023). Moreover, because the BAM3-
related BAM1 and BAM2 receptor kinases are redundantly
required for CLE-mediated formative divisions in the stem cell
niche (Crook et al., 2020) and can bind CLE25, CLE26, and
CLE45 (Qian et al., 2022), it cannot be excluded that CLE(45)
peptide signaling initiates the sieve element lineage by timing early
formative divisions (Ren et al., 2019). However, recent studies also
suggest another, paracrine and dosage-dependent role of CLE
peptides in phloem pole patterning (Gujas et al., 2020; Qian
et al., 2022).

1. CLE peptide signals pattern the phloem pole

Unlike CLE45, CLE25 and CLE26 are perceived independent of
both pH and BAM3 (Diaz-Ardila et al., 2023). However, CLE25
and CLE26 play an important paracrine role in phloem pole
patterning that is partially redundant with CLE45, as revealed by
the phenotype of cle25 cle26 cle45 triple mutants. Such mutants
form ectopic sieve element-companion cell complexes in procam-
bial cell file positions neighboring the genuine protophloem (Qian
et al., 2022). Because no extra cell files were observed, this suggests
that CLE25/26/45 action prevents ectopic phloem specification
(Fig. 6b) and also reiterates the notion that companion cell
specification is controlled by sieve elements. Intriguingly, CLE
peptide action intersectswith the activity of PEARs,which promote
CLE25 and CLE26, and less so CLE45 expression (Qian
et al., 2022). Moreover, PEARs are post-transcriptionally down-
regulated by CLE25 signaling (Qian et al., 2022). Because PEARs
are redundantly required for sieve element formation (Miyashima
et al., 2019), this raised the questionhowCLE signaling can prevent
PEAR activity in procambial cell files but not interfere with it in the
genuine developing sieve elements? One possible answer is
differential expression of BAM1, which is expressed throughout
stele tissues but only weakly in developing sieve elements (Crook
et al., 2020; Roszak et al., 2021) and binds CLE25 with
considerably higher affinity than CLE26 or CLE45 (Qian

et al., 2022; Fig. 6b). This could introduce a spatial gradient of
CLE signaling effects, which may run counter to the gradient of
PEAR activity and is amplified or sharpened by positive cross-
regulation between PEARs (Miyashima et al., 2019; Qian
et al., 2022). Such a CLE signaling gradient may also be amplified
by differential expression of downstream effectors. For example,
the CLE45 signaling component MEMBRANE-ASSOCIATED
KINASE REGULATOR 5 (MAKR5) is expressed at higher levels
in developing companion and metaphloem cells than in the sieve
elements (Kang & Hardtke, 2016; Otero et al., 2022; Diaz-Ardila
et al., 2023). In summary, PEARs promote their own expression as
well as the expression of CLE25, which feeds back negatively on
PEAR expression. Combined with quantitatively differential
CLE25 perception in developing sieve elements vs adjacent cell
files, this reinforces the positioning and specification of a single
sieve element file, possibly also aided by PEAR-induced OPS
expression (Qian et al., 2022; Fig. 6b).

2. Quantitative easing of CLE peptide signaling safeguards
the phloem lineage

Besides this patterning aspect, paracrineCLEpeptide signaling also
performs a safeguarding function for the phloem lineage. Yet
another alternative CLE peptide receptor, RECEPTOR-LIKE
PROTEIN KINASE 2 (RPK2; a.k.a. TOADSTOOL 2; Mizuno
et al., 2007; Nodine et al., 2007), is expressed in the sieve element-
surrounding incipient companion cell and metaphloem sieve
element cell files (Gujas et al., 2020; Fig. 6a). There it senses CLE45
(and likely alsoCLE25 andCLE26) to repress ectopic sieve element
fate (Gujas et al., 2020). CLE45 expression is specifically observed
in normally developing sieve elements but lost in ‘gap’ cells that do
not enter the differentiation program (Marhava et al., 2018; Gujas
et al., 2020; Moret et al., 2020). Thus, lateral inhibition of sieve
element fate in the neighboring cells is relieved if a genuine sieve
element precursor fails to commit to differentiation by quantitative
easing of the local CLE signal (Fig. 6c). Indeed, such re-
specification of incipient companion or metaphloem cells could
be induced by laser ablation of individual neighboring sieve
element precursors (Gujas et al., 2020). The switch to the sieve
element fate in the neighboring cell then permits bridging of the
local differentiation failure, thereby safeguarding continuity of
sieve tubes (Gujas et al., 2020). Such bridging is occasionally
observed in wild-type roots, corroborating the physiological
relevance of this safeguard mechanism. The likely additive effects
of CLE25/26/45 perception by BAM1, BAM3, and RPK2 in this
spatial context remain to be precisely defined, but the existing data
highlight once more the importance of finely tuned differential
quantitative gene activity in protophloem development.

In summary, CLE peptide signaling in the protophloem
apparently fulfills several, both autocrine and paracrine roles. It
contributes to correct lineage and spatial patterning of the phloem
by preventing ectopic sieve element fate acquisition, but also
maintains plasticity of the incipient companion and metaphloem
cell files to permit repair of rare stochastic sieve element
differentiation failures. Once the sieve elements mature and
enucleate, CLE peptide expression ceases and releases the
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neighboring cells to progress in their proper differentiation
program, which may feedback to reinforce proper phloem pole
patterning (Kim et al., 2020).

VI. Beyond sieve elements

Compared with our knowledge on protophloem sieve element
development, comparatively little is known about the molecular
determinants of companion cell or metaphloem sieve element
formation. Yet, despite apparent differences in the mode of
development (e.g. unlike protophloem sieve elements, metaph-
loem sieve elements only start to differentiate once they have fully
elongated (Graeff & Hardtke, 2021)), substantial commonalities
can be expected. Phloem-specific single-cell mRNA sequencing
will likely drive advances in this area (Kim et al., 2021; Roszak
et al., 2021;Otero et al., 2022) and already indicates resemblance of
transcriptomic profiles between the different phloem pole cell files
(Otero et al., 2022). Furthermore, one could expect a significant
level of genetic redundancy or tissue-specific subfunctionalization
of gene family members. For instance, it was found thatOPS is also
required for metaphloem sieve element differentiation, where it
acts fully redundant with another OPS family gene (Ruiz Sola
et al., 2017; Graeff & Hardtke, 2021). Also, mutations in
VASCULATURE COMPLEXITY AND CONNECTIVITY (VCC),
which encodes an OPS interactor of unclear molecular function,
enhance the vascular defects in ops cotyledons by impinging on PIN
localization dynamics (Roschzttardtz et al., 2014; Yanagisawa
et al., 2021). A potential role of VCC in the root may be masked
by extensive redundancy with its homologs (Roschzttardtz
et al., 2014; Wilson-Sanchez et al., 2018). Thus, root phloem
mutants may instruct shoot phloem development and vice versa.

Single-cell mRNA sequencing could pinpoint redundancies and
aid in the identification of novel players. For example, it already
enabled the discovery of another set of DOF transcription factors,
encoded by the redundant PINEAPPLE (PAPL) genes (Otero
et al., 2022). PAPLs mark the incipient companion and
metaphloem cell files but are absent from the early phloem pole.
Their expression depends on PEARs, but unlike PEAR gain-of-
function, PAPL gain-of-function does not induce formative
divisions. Moreover, higher order papl mutants do not display
obvious defects in phloem development. Nevertheless, they display
a short root phenotype that can however be rescued by sucrose
addition to the medium (Otero et al., 2022), similar to lrd3
mutants (Ingram et al., 2011). Thus, PAPLs and LRD3 present
physiologically relevant targets of phloem functioning.

In summary, the molecular-genetic and cell-biological analysis
of phloem development has made impressive progress over the last
decade. Collectively, this research field succeeded in establishing a
network of transcriptional and cell biological regulators that
connects the cell-autonomous and spatial aspects of root proto-
phloem specification with spatio-temporally downstream struc-
tural and physiological effectors of sieve element differentiation
and phloem function. These major anchor points should not only
allow us to fill in the knowledge gaps between them but will likely
also instruct molecular-level investigation of phloem formation in
other organs.

Acknowledgements

I would like to thank the Swiss National Science Foundation for
continued support of the research in my laboratory. This review is
dedicated to Prof. Thomas Berleth, who introduced me to Plant
Vascular Biology 30 years ago. Open access funding provided by
Universite de Lausanne.

Competing interests

None declared.

ORCID

Christian S. Hardtke https://orcid.org/0000-0003-3203-1058

References

Abrash EB,Davies KA, BergmannDC. 2011.Generation of signaling specificity in

Arabidopsis by spatially restricted buffering of ligand-receptor interactions. Plant
Cell 23: 2864–2879.

Agusti J, Lichtenberger R, Schwarz M, Nehlin L, Greb T. 2011. Characterization

of transcriptome remodeling during cambium formation identifies MOL1 and

RUL1 as opposing regulators of secondary growth. PLoS Genetics 7: e1001312.
AidaM, Beis D, Heidstra R,Willemsen V, Blilou I, Galinha C, Nussaume L, Noh

YS, Amasino R, Scheres B. 2004.The PLETHORA genes mediate patterning of

the Arabidopsis root stem cell niche. Cell 119: 109–120.
Aliaga Fandino AC, Hardtke CS. 2022. Auxin transport in developing

protophloem: a case study in canalization. Journal of Plant Physiology 269:
153594.

Anne P, Amiguet-Vercher A, Brandt B, Kalmbach L, Geldner N, Hothorn M,

HardtkeCS. 2018.CLERK is a novel receptor kinase required for sensing of root-

active CLE peptides in Arabidopsis. Development 145: dev162354.
Anne P, Azzopardi M, Gissot L, Beaubiat S, Hematy K, Palauqui JC. 2015.

OCTOPUS negatively regulates BIN2 to control phloem differentiation in

Arabidopsis thaliana. Current Biology 25: 2584–2590.
Anne P, Hardtke CS. 2017. Phloem function and development-biophysics meets

genetics. Current Opinion in Plant Biology 43: 22–28.
Bagdassarian KS, Brown CM, Jones ET, Etchells P. 2020. Connections in the

cambium, receptors in the ring. Current Opinion in Plant Biology 57: 96–103.
Barbosa IC, ShikataH,ZourelidouM,HeilmannM,Heilmann I, Schwechheimer

C. 2016. Phospholipid composition and a polybasic motif determine D6

PROTEIN KINASE polar association with the plasma membrane and tropic

responses. Development 143: 4687–4700.
Barratt DH, Kolling K, Graf A, Pike M, Calder G, Findlay K, Zeeman SC, Smith

AM. 2011. Callose synthase GSL7 is necessary for normal phloem transport and

inflorescence growth in Arabidopsis. Plant Physiology 155: 328–341.
Beerling DJ. 2007. The emerald planet: how plants changed Earth’s history. Oxford,

UK; New York, NY, USA: Oxford University Press.

Berckmans B, KirschnerG,GerlitzN, Stadler R, SimonR. 2020.CLE40 signaling

regulates root stem cell fate. Plant Physiology 182: 1776–1792.
van den Berg C,Willemsen V, HageW,Weisbeek P, Scheres B. 1995.Cell fate in

the Arabidopsis root meristem determined by directional signalling.Nature 378:
62–65.

Berleth T, Mattsson J, Hardtke CS. 2000. Vascular continuity and auxin signals.

Trends in Plant Science 5: 387–393.
Bishopp A, Help H, El-Showk S, Weijers D, Scheres B, Friml J, Benkova E,

MahonenAP,HelariuttaY.2011.Amutually inhibitory interactionbetween auxin

and cytokinin specifies vascular pattern in roots. Current Biology 21: 917–926.
BlumkeP, Schlegel J,Gonzalez-FerrerC,Becher S, PintoKG,Monaghan J, Simon

R. 2021. Receptor-like cytoplasmic kinase MAZZA mediates developmental

processes with CLAVATA1 family receptors in Arabidopsis. Journal of
Experimental Botany 72: 4853–4870.

New Phytologist (2023) 239: 852–867
www.newphytologist.com

� 2023 The Author

New Phytologist� 2023 New Phytologist Foundation

Review Tansley review
New
Phytologist864

 14698137, 2023, 3, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19003 by B

cu L
ausanne, W

iley O
nline L

ibrary on [09/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-3203-1058
https://orcid.org/0000-0003-3203-1058
https://orcid.org/0000-0003-3203-1058


Bonke M, Thitamadee S, Mahonen AP, Hauser MT, Helariutta Y. 2003. APL

regulates vascular tissue identity in Arabidopsis. Nature 426: 181–186.
Breda AS, Hazak O, Hardtke CS. 2017. Phosphosite charge rather than shootward

localization determines OCTOPUS activity in root protophloem. Proceedings of
the National Academy of Sciences, USA 114: E5721–E5730.

Breda AS, Hazak O, Schultz P, Anne P, Graeff M, Simon R, Hardtke CS. 2019.A

cellular insulator against CLE45 peptide signaling. Current Biology 29: 2501–
2508.

Brodribb TJ, Carriqui M, Delzon S, McAdam SAM, Holbrook NM. 2020.

Advanced vascular function discovered in a widespread moss. Nature Plants 6:
273–279.

Cattaneo P, Graeff M, Marhava P, Hardtke CS. 2019. Conditional effects of the

epigenetic regulator JUMONJI 14 in Arabidopsis root growth.Development 146:
dev183905.

Cattaneo P,Hardtke CS. 2017.BIG BROTHER uncouples cell proliferation from

elongation in theArabidopsis primary root.Plant&CellPhysiology58: 1519–1527.
ChaffeyN,Cholewa E,Regan S, SundbergB. 2002. Secondary xylemdevelopment

in Arabidopsis: a model for wood formation. Physiologia Plantarum 114: 594–
600.

Chen LQ, Qu XQ,Hou BH, Sosso D, Osorio S, Fernie AR, FrommerWB. 2012.

Sucrose efflux mediated by SWEET proteins as a key step for phloem transport.

Science 335: 207–211.
ChenQ, Soulay F, Saudemont B, Elmayan T,Marmagne A,Masclaux-Daubresse

CL. 2019.Overexpression of ATG8 inArabidopsis stimulates autophagic activity

and increases nitrogen remobilization efficiency and grain filling. Plant & Cell
Physiology 60: 343–352.

ChoH,ChoHS,NamH, JoH,Yoon J, ParkC,DangTVT,KimE, Jeong J, Park S

et al. 2018. Translational control of phloem development by RNA G-

quadruplex-JULGI determines plant sink strength. Nature Plants 4: 376–390.
ChoH, RyuH, Rho S,Hill K, Smith S, Audenaert D, Park J, Han S, BeeckmanT,

Bennett MJ et al. 2014. A secreted peptide acts on BIN2-mediated

phosphorylation of ARFs to potentiate auxin response during lateral root

development. Nature Cell Biology 16: 66–76.
Clay NK, Nelson T. 2002. VH1, a provascular cell-specific receptor kinase that

influences leaf cell patterns in Arabidopsis. Plant Cell 14: 2707–2722.
Crook AD, Willoughby AC, Hazak O, Okuda S, VanDerMolen KR, Soyars CL,

Cattaneo P, Clark NM, Sozzani R, Hothorn M et al. 2020. BAM1/2 receptor

kinase signaling drives CLE peptide-mediated formative cell divisions in

Arabidopsis roots. Proceedings of the National Academy of Sciences, USA 117:

32750–32756.
Czyzewicz N, Wildhagen M, Cattaneo P, Stahl Y, Pinto KG, Aalen RB, Butenko

MA, Simon R, Hardtke CS, De Smet I. 2015. Antagonistic peptide technology

for functional dissection ofCLEpeptides revisited. Journal of Experimental Botany
66: 5367–5374.

DeRybel B, AdibiM, Breda AS,Wendrich JR, SmitME,NovakO, YamaguchiN,

Yoshida S, Van Isterdael G, Palovaara J et al. 2014. Plant development.

Integration of growth and patterning during vascular tissue formation in

Arabidopsis. Science 345: 1255215.
DeRybel B, Audenaert D, Vert G, RozhonW,Mayerhofer J, Peelman F, Coutuer

S, Denayer T, Jansen L, Nguyen L et al. 2009.Chemical inhibition of a subset of

Arabidopsis thaliana GSK3-like kinases activates brassinosteroid signaling.

Chemistry & Biology 16: 594–604.
De Rybel B, Moller B, Yoshida S, Grabowicz I, Barbier de Reuille P, Boeren S,

Smith RS, Borst JW, Weijers D. 2013. A bHLH complex controls embryonic

vascular tissue establishment and indeterminate growth in Arabidopsis.

Developmental Cell 24: 426–437.
DeFalco TA, Anne P, James SR, Willoughby AC, Schwanke F, Johanndrees O,

Genolet Y, Derbyshire P, Wang Q, Rana S et al. 2022. A conserved module

regulates receptor kinase signalling in immunity and development.Nature Plants
8: 356–365.

Depuydt S, Rodriguez-Villalon A, Santuari L, Wyser-Rmili C, Ragni L, Hardtke

CS. 2013. Suppression of Arabidopsis protophloem differentiation and root

meristem growth by CLE45 requires the receptor-like kinase BAM3. Proceedings
of the National Academy of Sciences, USA 110: 7074–7079.

Diaz-Ardila HN, Gujas B, Wang Q, Moret B, Hardtke CS. 2023. pH-dependent

CLE peptide perception permits phloem differentiation in Arabidopsis roots.

Current Biology 33: 597–605.

Du M, Spalding EP, Gray WM. 2020. Rapid auxin-mediated cell expansion.

Annual Review of Plant Biology 71: 379–402.
El-Showk S, Help-Rinta-Rahko H, Blomster T, Siligato R, Maree AF, Mahonen

AP, Grieneisen VA. 2015. Parsimonious model of vascular patterning links

transverse hormone fluxes to lateral root initiation: auxin leads the way, while

cytokinin levels out. PLoS Computational Biology 11: e1004450.
Endo S, Iwai Y, Fukuda H. 2019. Cargo-dependent and cell wall-associated xylem

transport in Arabidopsis. New Phytologist 222: 159–170.
Esau K. 1977. Anatomy of seed plants. New York, NY, USA: John Wiley & Sons.

Etchells JP, Provost CM, Mishra L, Turner SR. 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.

Fabregas N, Lozano-Elena F, Blasco-Escamez D, Tohge T, Martinez-Andujar C,

Albacete A, Osorio S, Bustamante M, Riechmann JL, Nomura T et al. 2018.
Overexpression of the vascular brassinosteroid receptor BRL3 confers drought

resistance without penalizing plant growth. Nature Communications 9: 4680.
Fisher K, Turner S. 2007. PXY, a receptor-like kinase essential for maintaining

polarity during plant vascular-tissue development. Current Biology 17: 1061–
1066.

Fujiwara M, Imamura M, Matsushita K, Roszak P, Yamashino T, Hosokawa Y,

Nakajima K, Fujimoto K, Miyashima S. 2023. Patterned proliferation orients

tissue-wide stress to control root vascular symmetry in Arabidopsis. Current
Biology 33: 886–898.

Fukuda H. 1997. Tracheary element differentiation. Plant Cell 9: 1147–1156.
Fukuda H. 2000. Programmed cell death of tracheary elements as a paradigm in

plants. Plant Molecular Biology 44: 245–253.
Fukuda H, Hardtke CS. 2020. Peptide signaling pathways in vascular

differentiation. Plant Physiology 182: 1636–1644.
Fukuda H, Ohashi-Ito K. 2019. Vascular tissue development in plants. Current
Topics in Developmental Biology 131: 141–160.

Furuta KM, Hellmann E, Helariutta Y. 2014a.Molecular control of cell

specification and cell differentiation during procambial development. Annual
Review of Plant Biology 65: 607–638.

Furuta KM, Yadav SR, Lehesranta S, Belevich I, Miyashima S, Heo JO, Vaten A,

Lindgren O, De Rybel B, Van Isterdael G et al. 2014b. Plant development.

Arabidopsis NAC45/86 direct sieve element morphogenesis culminating in

enucleation. Science 345: 933–937.
Graeff M, Hardtke CS. 2021.Metaphloem development in the Arabidopsis root

tip. Development 148: dev199766.
Graeff M, Rana S, Marhava P, Moret B, Hardtke CS. 2020. Local and systemic

effects of Brassinosteroid perception in developing phloem. Current Biology 30:
1626–1638.

Gray JW,NelsonDittrichAC,Chen S, Avila J, GiavaliscoP,DevarenneTP. 2013.

Two Pdk1 phosphorylation sites on the plant cell death suppressor Adi3

contribute to substrate phosphorylation. Biochimica et Biophysica Acta 1834:
1099–1106.

Gujas B, Kastanaki E, Sturchler A, Cruz TMD, Ruiz-Sola MA, Dreos R, Eicke S,

Truernit E, Rodriguez-Villalon A. 2020. A reservoir of pluripotent phloem cells

safeguards the linear developmental trajectory of protophloem sieve elements.

Current Biology 30: 755–766.
GursansckyNR, JouannetV,GrunwaldK, SanchezP, Laaber-SchwarzM,GrebT.

2016.MOL1 is required for cambium homeostasis in Arabidopsis. The Plant
Journal 86: 210–220.

Hajny J, Tan S, Friml J. 2022. Auxin canalization: from speculative models toward

molecular players. Current Opinion in Plant Biology 65: 102174.
Han S, ChoH,Noh J, Qi J, JungHJ, NamH, Lee S,HwangD, Greb T,Hwang I.

2018. BIL1-mediated MP phosphorylation integrates PXY and cytokinin

signalling in secondary growth. Nature Plants 4: 605–614.
Hazak O, Brandt B, Cattaneo P, Santiago J, Rodriguez-Villalon A, Hothorn M,

Hardtke CS. 2017. Perception of root-active CLE peptides requires CORYNE

function in the phloem vasculature. EMBO Reports 18: 1367–1381.
Heo JO, BlobB,Helariutta Y. 2017.Differentiation of conductive cells: amatter of

life and death. Current Opinion in Plant Biology 35: 23–29.
Hirakawa Y, Kondo Y, FukudaH. 2010.TDIF peptide signaling regulates vascular

stem cell proliferation via the WOX4 homeobox gene in Arabidopsis. Plant Cell
22: 2618–2629.

� 2023 The Author

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 239: 852–867
www.newphytologist.com

New
Phytologist Tansley review Review 865

 14698137, 2023, 3, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19003 by B

cu L
ausanne, W

iley O
nline L

ibrary on [09/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Hirakawa Y, Shinohara H, Kondo Y, Inoue A, Nakanomyo I, Ogawa M, Sawa S,

Ohashi-Ito K,Matsubayashi Y, FukudaH. 2008.Non-cell-autonomous control

of vascular stem cell fate by a CLE peptide/receptor system. Proceedings of the
National Academy of Sciences, USA 105: 15208–15213.

Hu C, Zhu Y, Cui Y, Zeng L, Li S, Meng F, Huang S, WangW, Kui H, Yi J et al.
2022. A CLE-BAM-CIK signalling module controls root protophloem

differentiation in Arabidopsis. New Phytologist 233: 282–296.
IbanesM, FabregasN,Chory J, Cano-DelgadoAI. 2009.Brassinosteroid signaling

and auxin transport are required to establish the periodic pattern of Arabidopsis

shoot vascular bundles. Proceedings of the National Academy of Sciences, USA 106:

13630–13635.
Ikematsu S, Tasaka M, Torii KU, Uchida N. 2017. ERECTA-family receptor

kinase genes redundantly prevent premature progression of secondary growth in

the Arabidopsis hypocotyl. New Phytologist 213: 1697–1709.
Ingram P, Dettmer J, Helariutta Y, Malamy JE. 2011. Arabidopsis lateral root

development 3 is essential for early phloem development and function, and hence

for normal root system development. The Plant Journal 68: 455–467.
ItoY,Nakanomyo I,MotoseH, IwamotoK, SawaS,DohmaeN, FukudaH. 2006.

Dodeca-CLE peptides as suppressors of plant stem cell differentiation. Science
313: 842–845.

KalmbachL,Helariutta Y. 2019. Sieve plate pores in the phloem and the unknowns

of their formation. Plants 8: 25.
Kang J,WangX, IshidaT,Grienenberger E, ZhengQ,Wang J, ZhangY,ChenW,

ChenM, Song XF et al. 2022. A group of CLE peptides regulates de novo shoot

regeneration in Arabidopsis thaliana. New Phytologist 235: 2300–2312.
Kang YH, Breda A, Hardtke CS. 2017. Brassinosteroid signaling directs formative

cell divisions and protophloem differentiation in Arabidopsis root meristems.

Development 144: 272–280.
Kang YH,Hardtke CS. 2016. ArabidopsisMAKR5 is a positive effector of BAM3-

dependent CLE45 signaling. EMBO Reports 17: 1145–1154.
Kim H, Zhou J, Kumar D, Jang G, Ryu KH, Sebastian J, Miyashima S,

Helariutta Y, Lee JY. 2020. SHORTROOT-mediated intercellular signals

coordinate phloem development in Arabidopsis roots. Plant Cell 32: 1519–1535.
Kim JY, Symeonidi E, Pang TY, Denyer T, Weidauer D, Bezrutczyk M, Miras

M, Zollner N, Hartwig T, Wudick MM et al. 2021. Distinct identities of leaf

phloem cells revealed by single cell transcriptomics. Plant Cell 33: 511–530.
Kinoshita A,Nakamura Y, Sasaki E, Kyozuka J, FukudaH, Sawa S. 2007.Gain-of-

function phenotypes of chemically synthetic CLAVATA3/ESR-related (CLE)

peptides in Arabidopsis thaliana and Oryza sativa. Plant & Cell Physiology 48:
1821–1825.

Kneuper I, Teale W, Dawson JE, Tsugeki R, Katifori E, Palme K, Ditengou FA.

2021. Auxin biosynthesis and cellular efflux act together to regulate leaf vein

patterning. Journal of Experimental Botany 72: 1151–1165.
Knoblauch M, Knoblauch J, Mullendore DL, Savage JA, Babst BA, Beecher SD,

DodgenAC, JensenKH,HolbrookNM.2016.Testing theMunch hypothesis of

long distance phloem transport in plants. eLife 5: e15341.
KnoblauchM, Oparka K. 2012.The structure of the phloem – still more questions

than answers. The Plant Journal 70: 147–156.
Knoblauch M, van Bel AJE. 1998. Sieve tubes in action. Plant Cell 10: 35–50.
Koh SWH, Marhava P, Rana S, Graf A, Moret B, Bassukas AEL, Zourelidou M,

KolbM,HammesUZ, Schwechheimer C et al. 2021.Mapping and engineering

of auxin-induced plasma membrane dissociation in BRX family proteins. Plant
Cell 33: 1945–1960.

Kondo Y, Fujita T, Sugiyama M, Fukuda H. 2015. A novel system for xylem cell

differentiation in Arabidopsis thaliana.Molecular Plant 8: 612–621.
KondoY, ItoT,NakagamiH,HirakawaY, SaitoM,TamakiT, ShirasuK, Fukuda

H. 2014. Plant GSK3 proteins regulate xylem cell differentiation downstream of

TDIF-TDR signalling. Nature Communications 5: 3504.
Kondo Y, Nurani AM, Saito C, Ichihashi Y, Saito M, Yamazaki K, Mitsuda N,

Ohme-Takagi M, FukudaH. 2016.Vascular cell induction culture system using

arabidopsis leaves (VISUAL) reveals the sequential differentiation of sieve

element-like cells. Plant Cell 28: 1250–1262.
KuriharaD,MizutaY, SatoY,HigashiyamaT.2015.CLEARSEE: a rapidoptical clearing

reagent for whole-plant fluorescence imaging.Development 142: 4168–4179.
Lehmann F, Hardtke CS. 2016. Secondary growth of the Arabidopsis hypocotyl-

vascular development in dimensions. Current Opinion in Plant Biology 29: 9–
15.

Li L, Verstraeten I, Roosjen M, Takahashi K, Rodriguez L, Merrin J, Chen J,

Shabala L, Smet W, Ren H et al. 2021. Cell surface and intracellular auxin
signalling for H(+) fluxes in root growth. Nature 599: 273–277.

LiebschD, SunaryoW,HolmlundM,NorbergM, Zhang J, Hall HC,HelizonH,

Jin X, Helariutta Y, Nilsson O et al. 2014. Class I KNOX transcription factors

promote differentiation of cambial derivatives into xylemfibers in theArabidopsis

hypocotyl. Development 141: 4311–4319.
Lopez-Salmeron V, Cho H, Tonn N, Greb T. 2019. The phloem as a mediator of

plant growth plasticity. Current Biology 29: R173–R181.
Mahonen AP, Bonke M, Kauppinen L, Riikonen M, Benfey PN, Helariutta Y.

2000.Anovel two-component hybridmolecule regulates vascularmorphogenesis

of the Arabidopsis root. Genes & Development 14: 2938–2943.
MahonenAP,TenTusscher K, Siligato R, SmetanaO,Diaz-Trivino S, Salojarvi J,

Wachsman G, Prasad K, Heidstra R, Scheres B. 2014. PLETHORA gradient

formation mechanism separates auxin responses. Nature 515: 125–129.
Makila R, Wybouw B, Smetana O, Vainio L, Sole-Gil A, Lyu M, Ye L, Wang

X, Siligato R, Jenness MK et al. 2023. Gibberellins promote polar auxin

transport to regulate stem cell fate decisions in cambium. Nature Plants 9:
631–644.

Marhava P, Aliaga Fandino AC, Koh SWH, Jelinkova A, Kolb M, Janacek DP,

Breda AS, Cattaneo P, Hammes UZ, Petrasek J et al. 2020. Plasma membrane

domain patterning and self-reinforcing polarity in Arabidopsis. Developmental
Cell 52: 223–235.

Marhava P, Bassukas AEL, Zourelidou M, Kolb M, Moret B, Fastner A, Schulze

WX, Cattaneo P, Hammes UZ, Schwechheimer C et al. 2018. A molecular

rheostat adjusts auxin flux to promote root protophloem differentiation. Nature
558: 297–300.

Miyashima S, Roszak P, Sevilem I, Toyokura K, Blob B,Heo JO,Mellor N,Help-

Rinta-RahkoH,Otero S, SmetW et al. 2019.Mobile PEAR transcription factors

integrate positional cues to prime cambial growth. Nature 565: 490–494.
Mizuno S, Osakabe Y, Maruyama K, Ito T, Osakabe K, Sato T, Shinozaki K,

Yamaguchi-Shinozaki K. 2007.Receptor-like protein kinase 2 (RPK 2) is a novel

factor controlling anther development in Arabidopsis thaliana. The Plant Journal
50: 751–766.

MoretB,MarhavaP,AliagaFandinoAC,HardtkeCS,TenTusscherKHW.2020.

Local auxin competition explains fragmented differentiation patterns. Nature
Communications 11: 2965.

Mouchel CF, Briggs GC, Hardtke CS. 2004. Natural genetic variation in

Arabidopsis identifies BREVISRADIX, a novel regulator of cell proliferation and

elongation in the root. Genes & Development 18: 700–714.
Nimchuk ZL. 2017. CLAVATA1 controls distinct signaling outputs that buffer

shoot stem cell proliferation through a two-step transcriptional compensation

loop. PLoS Genetics 13: e1006681.
Nodine MD, Yadegari R, Tax FE. 2007. RPK1 and TOAD2 are two receptor-like

kinases redundantly required for Arabidopsis embryonic pattern formation.

Developmental Cell 12: 943–956.
Otero S, Gildea I, Roszak P, Lu Y, Di Vittori V, BourdonM, Kalmbach L, Blob B,

Heo JO, Peruzzo F et al. 2022. A root phloem pole cell atlas reveals common

transcriptional states in protophloem-adjacent cells. Nature Plants 8: 954–970.
Peng Y, Ma W, Chen L, Yang L, Li S, Zhao H, Zhao Y, Jin W, Li N, Bevan MW

et al. 2013. Control of root meristem size by DA1-RELATED PROTEIN2 in

Arabidopsis. Plant Physiology 161: 1542–1556.
Pratt RB, Jacobsen AL. 2017. Conflicting demands on angiosperm xylem: tradeoffs

among storage, transport andbiomechanics.Plant,Cell&Environment40: 897–913.
Qian P, Song W, Yokoo T, Minobe A, Wang G, Ishida T, Sawa S, Chai J,

Kakimoto T. 2018. The CLE9/10 secretory peptide regulates stomatal and

vascular development through distinct receptors. Nature Plants 4: 1071–1081.
Qian P, Song W, Zaizen-Iida M, Kume S, Wang G, Zhang Y, Kinoshita-

Tsujimura K, Chai J, Kakimoto T. 2022. A Dof-CLE circuit controls phloem

organization. Nature Plants 8: 817–827.
Ragni L, Nieminen K, Pacheco-Villalobos D, Sibout R, Schwechheimer C,

Hardtke CS. 2011.Mobile gibberellin directly stimulates Arabidopsis hypocotyl

xylem expansion. Plant Cell 23: 1322–1336.
Raven JA. 2003. Long-distance transport in non-vascular plants. Plant, Cell &
Environment 26: 73–85.

Ravichandran SJ, Linh NM, Scarpella E. 2020. The canalization hypothesis –
challenges and alternatives. New Phytologist 227: 1051–1059.

New Phytologist (2023) 239: 852–867
www.newphytologist.com

� 2023 The Author

New Phytologist� 2023 New Phytologist Foundation

Review Tansley review
New
Phytologist866

 14698137, 2023, 3, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19003 by B

cu L
ausanne, W

iley O
nline L

ibrary on [09/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Ren SC, Song XF, Chen WQ, Lu R, Lucas WJ, Liu CM. 2019. CLE25 peptide

regulates phloem initiation in Arabidopsis through a CLERK-CLV2 receptor

complex. Journal of Integrative Plant Biology 61: 1043–1061.
Riesmeier JW, Hirner B, Frommer WB. 1993. Potato sucrose transporter

expression in minor veins indicates a role in phloem loading. Plant Cell 5: 1591–
1598.

Rodriguez-Villalon A, Gujas B, Kang YH, Breda AS, Cattaneo P, Depuydt S,

Hardtke CS. 2014.Molecular genetic framework for protophloem formation.

Proceedings of the National Academy of Sciences, USA 111: 11551–11556.
Rodriguez-Villalon A, Gujas B, van Wijk R, Munnik T, Hardtke CS. 2015.

Primary root protophloem differentiation requires balanced

phosphatidylinositol-4,5-biphosphate levels and systemically affects root

branching. Development 142: 1437–1446.
Roschzttardtz H, Paez-Valencia J, Dittakavi T, Jali S, Reyes FC, Baisa G, Anne

P, Gissot L, Palauqui JC, Masson PH et al. 2014. The VASCULATURE

COMPLEXITY AND CONNECTIVITY gene encodes a plant-specific

protein required for embryo provasculature development. Plant Physiology 166:
889–902.

Ross-Elliott TJ, Jensen KH, Haaning KS, Wager BM, Knoblauch J, Howell AH,

MullendoreDL,MonteithAG, PaultreD, YanD et al. 2017.Phloemunloading

in Arabidopsis roots is convective and regulated by the phloem-pole pericycle.

eLife 6: e24125.
Roszak P, Heo JO, Blob B, Toyokura K, Sugiyama Y, de Luis Balaguer MA, Lau

WWY, Hamey F, Cirrone J, Madej E et al. 2021. Cell-by-cell dissection of

phloem development links a maturation gradient to cell specialization. Science
374: eaba5531.

Ruiz Sola MA, Coiro M, Crivelli S, Zeeman SC, Schmidt Kjolner Hansen S,

Truernit E. 2017.OCTOPUS-LIKE 2, a novel player in Arabidopsis root and

vascular development, reveals a key role for OCTOPUS family genes in root

metaphloem sieve tube differentiation. New Phytologist 216: 1191–1204.
Sabatini S, Beis D, Wolkenfelt H, Murfett J, Guilfoyle T, Malamy J, Benfey P,

Leyser O, Bechtold N, Weisbeek P et al. 1999. An auxin-dependent distal

organizer of pattern and polarity in the Arabidopsis root. Cell 99: 463–472.
Sankar M, Nieminen K, Ragni L, Xenarios I, Hardtke CS. 2014. Automated

quantitative histology reveals vascular morphodynamics during Arabidopsis

hypocotyl secondary growth. eLife 3: e01567.
Santuari L, Sanchez-PerezGF,LuijtenM,RutjensB,Terpstra I, BerkeL,GorteM,

Prasad K, Bao D, Timmermans-Hereijgers JL et al. 2016. The PLETHORA

gene regulatory network guides growth and cell differentiation in Arabidopsis

roots. Plant Cell 28: 2937–2951.
Santuari L, Scacchi E, Rodriguez-Villalon A, Salinas P, Dohmann EM, Brunoud

G, Vernoux T, Smith RS, Hardtke CS. 2011. Positional information by

differential endocytosis splits auxin response to drive Arabidopsis root meristem

growth. Current Biology 21: 1918–1923.
Serra O, Mahonen AP, Hetherington AJ, Ragni L. 2022. The making of plant

armor: the periderm. Annual Review of Plant Biology 73: 405–432.
Shi D, Lebovka I, Lopez-Salmeron V, Sanchez P, Greb T. 2019. Bifacial cambium

stem cells generate xylem and phloem during radial plant growth. Development
146: dev171355.

Sibout R, Plantegenet S, Hardtke CS. 2008. Flowering as a condition for xylem

expansion in Arabidopsis hypocotyl and root. Current Biology 18: 458–463.
Slupianek A, Dolzblasz A, Sokolowska K. 2021. Xylem parenchyma-role and

relevance in wood functioning in trees. Plants 10: 1247.
SmetanaO,MakilaR, LyuM,AmiryousefiA, SanchezRodriguez F,WuMF, Sole-

Gil A, LealGavarronM, SiligatoR,MiyashimaS et al. 2019.High levels of auxin

signalling define the stem-cell organizer of the vascular cambium. Nature 565:
485–489.

Smit ME, McGregor SR, Sun H, Gough C, Bagman AM, Soyars CL, Kroon JT,

Gaudinier A, Williams CJ, Yang X et al. 2020. A PXY-mediated transcriptional

network integrates signaling mechanisms to control vascular development in

Arabidopsis. Plant Cell 32: 319–335.
SpencerV,NemecVenzaZ,HarrisonCJ. 2021.What can lycophytes teachus about

plant evolution and development? Modern perspectives on an ancient lineage.

Evolution & Development 23: 174–196.
Spicer R, Groover A. 2010. Evolution of development of vascular cambia and

secondary growth. New Phytologist 186: 577–592.

Suer S, Agusti J, Sanchez P, Schwarz M, Greb T. 2011.WOX4 imparts auxin

responsiveness to cambium cells in Arabidopsis. Plant Cell 23: 3247–3259.
Tamaki T, Oya S, Naito M, Ozawa Y, Furuya T, Saito M, Sato M, Wakazaki M,

Toyooka K, Fukuda H et al. 2020. VISUAL-CC system uncovers the role of

GSK3 as an orchestrator of vascular cell type ratio in plants. Communications
Biology 3: 184.

TejosR, SauerM,Vanneste S,Palacios-GomezM,LiH,HeilmannM, vanWijkR,

Vermeer JE, Heilmann I, Munnik T et al. 2014. Bipolar plasma membrane

distribution of phosphoinositides and their requirement for auxin-mediated cell

polarity and patterning in Arabidopsis. Plant Cell 26: 2114–2128.
Truernit E, BaubyH, BelcramK, Barthelemy J, Palauqui JC. 2012.OCTOPUS, a

polarly localised membrane-associated protein, regulates phloem differentiation

entry in Arabidopsis thaliana. Development 139: 1306–1315.
Truernit E, Bauby H, Dubreucq B, Grandjean O, Runions J, Barthelemy J,

Palauqui JC. 2008.High-resolution whole-mount imaging of three-dimensional

tissue organization and gene expression enables the study of Phloem development

and structure in Arabidopsis. Plant Cell 20: 1494–1503.
UchidaN, Lee JS, Horst RJ, Lai HH, Kajita R, Kakimoto T, TasakaM, Torii KU.

2012.Regulation of inflorescence architecture by intertissue layer ligand-receptor

communication between endodermis and phloem. Proceedings of the National
Academy of Sciences, USA 109: 6337–6342.

Uchida N, TasakaM. 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.
Wallner ES, Lopez-Salmeron V, Belevich I, Poschet G, Jung I, Grunwald K,

Sevilem I, Jokitalo E, Hell R, Helariutta Y et al. 2017. Strigolactone- and
Karrikin-independent SMXLproteins are central regulators of phloem formation.

Current Biology 27: 1241–1247.
WallnerES,TonnN,ShiD, JouannetV,GrebT. 2020.SUPPRESSOROFMAX2

1-LIKE 5 promotes secondary phloem formation during radial stem growth. The
Plant Journal 102: 903–915.

WangN, Bagdassarian KS, Doherty RE, Kroon JT, ConnorKA,Wang XY,Wang

W, Jermyn IH,Turner SR,Etchells JP. 2019.Organ-specific genetic interactions

between paralogues of the PXY and ER receptor kinases enforce radial patterning

in Arabidopsis vascular tissue. Development 146: dev177105.
WangQ,Aliaga FandinoAC,GraeffM,DeFalcoTA,ZipfelC,HardtkeCS. 2023.

A phosphoinositide hub connects CLE peptide signaling and polar auxin efflux

regulation. Nature Communications 14: 423.
WangW, Hu C, Li X, Zhu Y, Tao L, Cui Y, Deng D, Fan X, Zhang H, Li J et al.
2022. Receptor-like cytoplasmic kinases PBL34/35/36 are required for CLE

peptide-mediated signaling to maintain shoot apical meristem and root apical

meristem homeostasis in Arabidopsis. Plant Cell 34: 1289–1307.
Wilson-Sanchez D, Martinez-Lopez S, Navarro-Cartagena S, Jover-Gil S, Micol

JL. 2018.Members of the DEAL subfamily of the DUF1218 gene family are

required for bilateral symmetry but not for dorsoventrality in Arabidopsis leaves.

New Phytologist 217: 1307–1321.
Xiao Y,OffringaR. 2020.PDK1 regulates auxin transport andArabidopsis vascular

development through AGC1 kinase PAX. Nature Plants 6: 544–555.
Xie B, Wang X, Zhu M, Zhang Z, Hong Z. 2011. CalS7 encodes a callose

synthase responsible for callose deposition in the phloem. The Plant Journal 65: 1–14.
YanagisawaM, Poitout A, Otegui MS. 2021. Arabidopsis vascular complexity and

connectivity controls PIN-FORMED1 dynamics and lateral vein patterning

during embryogenesis. Development 148: dev197210.
Zegzouti H, Li W, Lorenz TC, Xie M, Payne CT, Smith K, Glenny S, Payne GS,

Christensen SK. 2006. Structural and functional insights into the regulation of

Arabidopsis AGCVIIIa kinases. The Journal of Biological Chemistry 281: 35520–
35530.

Zhang C, Turgeon R. 2018.Mechanisms of phloem loading. Current Opinion in
Plant Biology 43: 71–75.

Zhang H, Lin X, Han Z, Qu LJ, Chai J. 2016. Crystal structure of PXY–TDIF

complex reveals a conserved recognition mechanism among CLE peptide-

receptor pairs. Cell Research 26: 543–555.
ZourelidouM, Absmanner B,Weller B, Barbosa IC,Willige BC, Fastner A, Streit

V, Port SA, Colcombet J, De la Fuente van BentemS et al. 2014.Auxin efflux by
PIN-FORMED proteins is activated by two different protein kinases, D6

PROTEIN KINASE and PINOID. eLife 3: e02860.

� 2023 The Author

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 239: 852–867
www.newphytologist.com

New
Phytologist Tansley review Review 867

 14698137, 2023, 3, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19003 by B

cu L
ausanne, W

iley O
nline L

ibrary on [09/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 Summary
	I. The plant vascular system
	II. Phloem pole patterning in secondary growth
	 1. Secondary growth is a massive yet patterned growth process
	 2. Receptor kinase pathways are prominent in vascular tissue&nbsp;patterning
	nph19003-fig-0001

	III. Seeing clear through VISUAL
	 1. Inducible trans-differentiation of mesophyll cells into conductive vascular tissues
	 2. Auxin levels determine the abundance of VISUAL phloem cell types

	IV. Protophloem development in the Arabidopsis root tip
	 1. The trajectory of phloem pole development
	nph19003-fig-0002
	 2. A transcription factor cascade connects sieve element specification with differentiation
	nph19003-fig-0003
	nph19003-fig-0004
	 3. Auxin canalization coordinates the progression of sieve element differentiation
	nph19003-fig-0005
	 4. CLE peptide sensing pathways inhibit sieve element formation
	nph19003-fig-0006

	V. Sieve elements control spatial protophloem pole patterning
	 1. CLE peptide signals pattern the phloem pole
	 2. Quantitative easing of CLE peptide signaling safeguards the phloem lineage

	VI. Beyond sieve elements
	 Acknowledgements
	 Competing interests
	 References
	nph19003-bib-0001
	nph19003-bib-0002
	nph19003-bib-0003
	nph19003-bib-0004
	nph19003-bib-0005
	nph19003-bib-0006
	nph19003-bib-0007
	nph19003-bib-0008
	nph19003-bib-0009
	nph19003-bib-0010
	nph19003-bib-0011
	nph19003-bib-0012
	nph19003-bib-0013
	nph19003-bib-0014
	nph19003-bib-0015
	nph19003-bib-0016
	nph19003-bib-0017
	nph19003-bib-0018
	nph19003-bib-0019
	nph19003-bib-0020
	nph19003-bib-0021
	nph19003-bib-0022
	nph19003-bib-0023
	nph19003-bib-0024
	nph19003-bib-0025
	nph19003-bib-0026
	nph19003-bib-0027
	nph19003-bib-0028
	nph19003-bib-0029
	nph19003-bib-0030
	nph19003-bib-0031
	nph19003-bib-0032
	nph19003-bib-0033
	nph19003-bib-0034
	nph19003-bib-0035
	nph19003-bib-0036
	nph19003-bib-0037
	nph19003-bib-0038
	nph19003-bib-0039
	nph19003-bib-0040
	nph19003-bib-0041
	nph19003-bib-0042
	nph19003-bib-0043
	nph19003-bib-0044
	nph19003-bib-0045
	nph19003-bib-0046
	nph19003-bib-0047
	nph19003-bib-0048
	nph19003-bib-0049
	nph19003-bib-0050
	nph19003-bib-0051
	nph19003-bib-0052
	nph19003-bib-0053
	nph19003-bib-0054
	nph19003-bib-0055
	nph19003-bib-0056
	nph19003-bib-0057
	nph19003-bib-0058
	nph19003-bib-0059
	nph19003-bib-0060
	nph19003-bib-0061
	nph19003-bib-0062
	nph19003-bib-0063
	nph19003-bib-0064
	nph19003-bib-0065
	nph19003-bib-0066
	nph19003-bib-0067
	nph19003-bib-0068
	nph19003-bib-0069
	nph19003-bib-0070
	nph19003-bib-0071
	nph19003-bib-0072
	nph19003-bib-0073
	nph19003-bib-0074
	nph19003-bib-0075
	nph19003-bib-0076
	nph19003-bib-0077
	nph19003-bib-0078
	nph19003-bib-0079
	nph19003-bib-0080
	nph19003-bib-0081
	nph19003-bib-0082
	nph19003-bib-0083
	nph19003-bib-0084
	nph19003-bib-0085
	nph19003-bib-0086
	nph19003-bib-0087
	nph19003-bib-0088
	nph19003-bib-0089
	nph19003-bib-0090
	nph19003-bib-0091
	nph19003-bib-0092
	nph19003-bib-0093
	nph19003-bib-0094
	nph19003-bib-0095
	nph19003-bib-0096
	nph19003-bib-0097
	nph19003-bib-0098
	nph19003-bib-0099
	nph19003-bib-0100
	nph19003-bib-0101
	nph19003-bib-0102
	nph19003-bib-0103
	nph19003-bib-0104
	nph19003-bib-0105
	nph19003-bib-0106
	nph19003-bib-0107
	nph19003-bib-0108
	nph19003-bib-0109
	nph19003-bib-0110
	nph19003-bib-0111
	nph19003-bib-0112
	nph19003-bib-0113
	nph19003-bib-0114
	nph19003-bib-0115
	nph19003-bib-0116
	nph19003-bib-0117
	nph19003-bib-0118
	nph19003-bib-0119
	nph19003-bib-0120
	nph19003-bib-0121
	nph19003-bib-0122
	nph19003-bib-0123
	nph19003-bib-0124
	nph19003-bib-0125
	nph19003-bib-0126
	nph19003-bib-0127
	nph19003-bib-0128
	nph19003-bib-0129
	nph19003-bib-0130
	nph19003-bib-0131
	nph19003-bib-0132
	nph19003-bib-0133
	nph19003-bib-0134
	nph19003-bib-0135
	nph19003-bib-0136
	nph19003-bib-0137
	nph19003-bib-0138
	nph19003-bib-0139
	nph19003-bib-0140
	nph19003-bib-0141
	nph19003-bib-0142
	nph19003-bib-0143
	nph19003-bib-0144
	nph19003-bib-0145


