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Abstract

Plant vasculature consists of two major conductive cell types, xylem tracheary elements and phloem sieve elements (SEs).
Both cell types undergo a highly specialized differentiation process. The root meristem of Arabidopsis displays a stereotypical
anatomy in which the central vasculature is surrounded by concentric layers of outer tissues. Each cell file is derived from
stem cells located in the root tip. A series of formative and proliferative divisions take place in the meristem; these are fol-
lowed by cell expansion and differentiation. Protophloem differentiation is unique in being complete only 20-25 cells away
from the first stem cell, and during the differentiation process the cells lose several organelles, including the nucleus, while
the remaining organelles are rearranged. Defects in SE development have been shown to result in impaired auxin transport
and response and therefore systemically affect root growth. Although a few genes have been demonstrated to function in
phloem development, detailed analyses and a comprehensive understanding of sieve element development (i.e. how often the
stem cells divide, how frequently enucleation takes place, and how SE development is coordinated between cell division and
differentiation on a molecular level) are still lacking. Advanced live-imaging techniques which enable prolonged time-lapse
captures of root tip growth as well as single-cell transcriptomic analysis of the 20-25 cells in the SE file could help resolve
these questions. In addition, understanding the interplay between the PLETHORA (PLT) gradient, which is known to govern
the root zonation, and phloem development within the root meristem could shed light on the rapidity of SE differentiation
and its importance to the meristem.
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Introduction have many large perforations to enable pressure-driven mass

flow (Knoblauch et al. 2016). These cells undergo a special

In the vascular tissue of plants, the conductive cells in
phloem and xylem are responsible for long distance trans-
port. The sieve elements (SE) in the phloem are the main
cells transporting photosynthates from source tissues, such
as leaves, towards the parts of the plant where they are con-
sumed, also referred to as sink tissues. The SEs consist of
elongated cells with a modified and strengthened cell wall
that are connected via sieve plates, specialized cell walls that
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differentiation program that culminates in enucleation and
clearing of most of the cellular content to reduce flow resist-
ance yet remain alive (De Rybel et al. 2016; Furuta et al.
2014; Heo et al. 2017).

The ontogeny of phloem sieve
element along the longitudinal axis
of the Arabidopsis root

In the root of Arabidopsis thaliana, the central vascular cyl-
inder is surrounded by concentric layers of tissues, display-
ing a stereotypical anatomy. Tight regulation of the timing
of cell proliferation and the differentiation of each tissue
layer is necessary for continuous apical growth of the root
(Beemster and Baskin 1998). The root meristem resides at
the root tip and consists of the stem cell niche, a collective
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term for the mitotically less active quiescent center and the
surrounding stem cells, and transit amplifying cells (Dolan
et al. 1993). Upon exiting from the cell division zone, cells
begin to expand and become committed to a particular cell
fate, a process which results in a longitudinal zonation
pattern (Fig. 1; Ivanov and Dubrovsky 2013). The switch
from cell division to elongation and differentiation occurs
at slightly different points for each cell type (Ishikawa and
Evans 1995). For instance, stem cells in the phloem SE line-
ages divide anticlinally to produce SE/procambium precur-
sor cells which then undergo a periclinal cell division to give
rise to SE precursors and procambial cells (Mihonen et al.
2000). SE precursors undergo yet another periclinalcell divi-
sion, producing two different types of SEs, proto- and meta-
phloem SEs. After this series of periclinal divisions, the cells
enter the proliferation stage where they undergo several yet
uncharacterized anticlinal divisions before expanding and
differentiating (Fig. 1; M&honen et al. 2014). SEs undergo a
specialized differentiation process, during which the cellular

Fig.1 Overview of pro-
tophloem SE differentiation
within the root meristem of
Arabidopsis thaliana. 4 zones
in the root tip can be distin-
guished: Meristem, Transition,
Elongation and Differentiation
zone (Ivanov and Dubrovsky
2013). The gradient of protein
abundance of the PLTs is shown
on the left side (M#honen et al.
2014). The protophloem SE cell
file is fully differentiated before
the end of the transition zone as
shown in the enlargement. The
timing of differentiation pro-
gress has not been investigated
yet, thus indicated zones within
the SE cell stand are approxi-
mations. The first cell of the
expression domains of known
SE regulators is indicated

with arrow heads. The yellow
and red cell mark the first and
second periclinal cell division,
respectively. The transit ampli-
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components are partially degraded and rearranged within a
stretch of approximately 10 cells before enucleation (Furuta
et al. 2014; Heo et al. 2017). From the stem cell touching
the quiescent centre (QC) to the cell which is about to lose
its nucleus, there are approximately 20-25 cells. After los-
ing the nucleus, protophloem SEs immediately become part
of the ‘phloem unloading zone’, facilitating the transloca-
tion of small molecules, such as sucrose or GFP, towards
the cortex layer through the neighboring pericycle cells and
subsequently to the entire root meristem (Ross-Elliott et al.
2017). SEs are unique in that their differentiation is complete
within 20-25 cells, at which point the neighboring cells are
still dividing. Five days after germination, the cortex file
consists of approximately 30 dividing cells in the meristem
before elongation begins, and differentiated protoxylem can
only be observed at much later stages, when root hair out-
growth from the epidermis occurs (Dello Ioio et al. 2007,
Truernit et al. 2012). The stochasticity in the initiation of
differentiation suggests that a cell autonomous (intrinsic)
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mechanism governs the establishment and maintenance
of specific cell lineages, and non-cell-autonomous signals
mediate cell-to-cell communication to coordinate root devel-
opment and growth.

Molecular mechanism regulating sieve
element specification and differentiation

The molecular mechanisms regulating the differentiation
of phloem cells are still largely unknown, although some
progress has been made in unravelling them in recent years.
The subclade 2 of the SUPRESSOR OF MAX2-LIKE
(SMXL) genes, namely SMXL3, SMXL4 and SMXLY5,
play redundantly a major role in early protophloem devel-
opment. Although not exclusively expressed in the phloem,
their expression in root meristem starts from the first
stem cell adjacent to the QC. The combinatorial double
mutants of these three genes all show strongly reduced root
growth while the smxI3 smxI4 smxl5 tripple mutant is seed-
ling lethal. In the more detailed analysis of smxl4 smxl5
revealed alterations or lack of distinct cellular changes of
protophloem cells, e.g. enucleation does not occur result-
ing in reduced phloem sap transport (Wallner et al. 2017).
Another gene that acts very early is OCTOPUS (OPS). The
OPS protein is polarly localized on the shootward plasma
membrane (Truernit et al. 2012). It can interact with and
sequesters BRASSINOSTEROID INSENSITIVE2, a repres-
sor of the brassinosteroid signalling pathway, to the plasma
membrane, thus lifting the repression (Anne et al. 2015).
However, this interaction and the shootward plasma mem-
brane localization appear not to be essential for the function
of OPS in protophloem differentiation, since both are lost
in plants with a hyperactive OPS protein resulting from a
positive charge at a phosphosite without causing defects in
phloem development (Breda et al. 2017). In the ops knock-
out mutant protophloem cells do not fully differentiate; cell
wall thickening cannot be observed, sieve plates are not
formed and the nucleus is retained, resulting in a reduced
translocation rate of phloem sap (Truernit et al. 2012). These
cells interrupt and form gaps within the SE strand continuity,
thus these cells were dubbed gap cells (Breda et al. 2017).
The small mobile protein CLAVATA3/EMBRYO SUR-
ROUNDING REGION 45 (CLE45) is the next factor
known to be involved in SE differentiation; it is expressed
one cell later than OPS. CLE45 is perceived by the recep-
tor BARELY ANY MERISTEM 3 (BAM3), and its signal-
ling is further enhanced by MEMBRANE-ASSOCIATED
KINASE REGULATOR 5 and CORYNE (CRN) (Depuydt
et al. 2013; Hazak et al. 2017; Kang and Hardtke 2016;
Rodriguez-Villalon et al. 2014). Exogenous application of
CLE45 locks the protophloem SEs in their pre-differenti-
ation state, and overexpression of a modified, less active

version of the peptide inhibits differentiation of some cells in
the cell file, resulting in a gap cell phenotype similar to that
of ops (Kang and Hardtke 2016; Rodriguez-Villalon et al.
2014). In addition, other CLE peptides affect root growth
although the protophloem specific functions, receptors and
their cross-talk are unknown (Hazak et al. 2017). CLE26
is the best investigated one, which is expressed in a pro-
tophloem specific manner towards the end of differentiation
and similar to CLE45 requires CRN to be perceived (Hazak
et al. 2017; Rodriguez-Villalon et al. 2015).

BREVIS RADIX (BRX), a putative repressor of the
CLE45/BAM3 signalling pathway, mediates auxin-brassi-
nosteroid signalling cross talk in the root meristem. Its
knock-out mutant also shows the gap cell phenotype. Inter-
estingly, the phenotypes of brx and ops are additive, sug-
gesting that these genes have parallel functions in similar
processes (Breda et al. 2017; Kang and Hardtke 2016; Scac-
chi et al. 2009), although the full effect and interplay of these
components is not fully understood.

A gap cell phenotype can also be seen following perturba-
tion of the phosphatidylinositol-4,5-biphosphate (PtdIns(4,5)
P,) level in developing protophloem SEs of the double
mutant of the phosphoinositide 5-phosphatases COTELY-
DON VASCULAR PATTERN 2 (CVP2) and CVP2-LIKE 1.
Mutations of CVP2 can rescue brx but not ops mutant. Yet
increased OPS dosage can rescue the cvp2 cvll mutant, plac-
ing OPS downstream of PtdIns(4,5)P, levels (Rodriguez-
Villalon et al. 2015). At a lower level of penetrance, the
same phenotype is also seen in the combinatorial mutant
of BRASSINOSTEROID INSENSITIVE 1 (BRII), BRII-
LIKE] (BRLI) and BRL3 (Kang et al. 2017). Although
severe growth phenotypes have sometimes been observed
in these mutants and overexpressors, phloem development
was never completely abolished, suggesting the existence of
other important factors that have not yet been elucidated. In
addition, the second periclinal cell division in the phloem
lineage does not occur in ops, brx, and the CLE45 overex-
pressor. It has been suggested that this is a secondary effect
of a top-down signal being inhibited because of the gap
cells, but these findings could also hint at further regulatory
mechanisms active before the onset of SE differentiation
(Rodriguez-Villalon et al. 2014).

Interestingly, in the recently developed Vascular Cell
Induction Culture System Using Arabidopsis Leaves (VIS-
UAL) in which partial SE differentiation can be induced
in leaf tissue, cell divisions are an essential step for SE
differentiation. Work using this culture system identified
NAC DOMAIN-CONTAINING PROTEIN 20 (NACO020) as
an important regulator of SE differentiation. It is thought
to act as a repressor genetically upstream of ALTERED
PHLOEM (APL), though results from in vitro and in planta
experiments are partially contradictory regarding its mode
of activity (Kondo et al. 2016). APL was one of the earliest
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described key regulators of phloem development. It is neces-
sary for the differentiation of functional SEs and represses
xylem identity in the position where protophloem SEs form
(Bonke et al. 2003). In recent years, other NAC-type tran-
scription factors, NAC86 and NAC45, have been identified as
downstream targets of APL. They coordinate the expression
of NAC45/86-DEPENDENT EXONUCLEASE-DOMAIN
PROTEIN (NEN) 1, 2 and 4 and the translocation of NENI
and NEN2 from the cytosol to the nucleus upon enucleation.
Both the NACs and their downstream targets the NENs are
essential for full degradation of the nucleus (Furuta et al.
2014). However, molecular features of SEs, such as sieve
plate formation, can still be found in cells in the SE position
in apl mutant roots, suggesting that unknown regulatory ele-
ments coordinate essential events other than enucleation late
during SE differentiation (Truernit et al. 2008). For example,
CHOLINE TRANSPORTER-LIKE] plays an important role
in the formation of sieve plate pores, although this is likely
due to its more general function in plasmodesmata develop-
ment (Dettmer et al. 2014; Kraner et al. 2017).

All of the regulatory mechanisms described so far are
specific to the SEs or phloem; the role of general regulators
or stem cell activity and cell division has not been taken into
account, and very little is known about their specific role in
SE differentiation.

Phloem as a hub for systemic
communication within the root meristem

The primary transport sugar sucrose and the plant hormone
auxin have been shown to be transported over long distances
through the phloem and to play roles as signaling molecules
that can change the expression of genes (Bishopp et al. 2011;
Turgeon and Oparka 2010; Yoo et al. 2004, 2013). There-
fore, defects in phloem development can have a systemic
adverse impact on the root meristem and root growth in
general. In fact, mutations in genes important for phloem
development often result in short root phenotypes in addition
to altered SE differentiation.

In addition to gap cells, ops displays defects in cell divi-
sion and elongation during embryogenesis—cells divide in
a position where they normally undergo elongation (Tru-
ernit et al. 2012). Long-distance transport is impaired, and
auxin transport from fully differentiated SEs to immature
SEs was therefore thought to be affected as well, leading to
a secondary phenotype in the meristem in which the division
that gives rise to meta-/proto-phloem sieve elements occurs
at a lower frequency (Rodriguez-Villalon et al. 2014). The
increase of number of lateral roots observed in this mutant
could be explained by the accumulation of auxin at higher
regions due to the impaired long distance transport. Simi-
lar phenotypes have been reported in brx, cvp2 cvli, and
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CLEA45-treated roots (Depuydt et al. 2013; Hazak et al. 2017,
Rodriguez-Villalon et al. 2015; Scacchi et al. 2010).

More direct experimental evidence also supports the
requirement for auxin in SE development. Upon auxin treat-
ment, BRX promoter activity is induced and the BRX pro-
tein becomes dissociated from the plasma membrane and
accumulates in the nucleus, where it appears to be subject to
auxin-induced degradation (Scacchi et al. 2009). Although
these observations were made in other cells, it is likely that
they also occur in SEs as suggested by mathematical mod-
els (Santuari et al. 2011). Furthermore, BRX is thought
to be asymmetrically localized in the basal end of the cell
similar to the auxin transporter PIN-FORMEDI1 and full-
length BRX driven by the PINI promoter can fully rescue
the brx short root phenotype (Mouchel et al. 2006; Scacchi
et al. 2009). BRX appears to directly interact with the auxin
response factor MONOPTEROS. This supports the notion
that BRX at the plasma membrane could act as a messenger
to convey the auxin signal into the nucleus, where initiation
of downstream gene expression takes place (Scacchi et al.
2010, 2009). Interestingly, brx roots are non-responsive to
cytokinin treatment, highlighting the importance of brx and
the cross-regulation of these two hormones (Scacchi et al.
2010).The apl mutant and the nac45/nac86 double mutant
also display impaired root growth, though it remains unclear
whether the impaired root growth phenotype is due to dis-
turbed auxin transport or response, or to the lack of carbo-
hydrate availability (Bonke et al. 2003; Furuta et al. 2014).

The PLETHORA (PLT) genes are transcription factors
that are downstream of auxin (Aida et al. 2004). They form
a gradient in the root meristem, with high PLT levels in mer-
istematic cells adjacent to the QC, medium levels in transit
amplifying cells, and low levels in differentiating cells (Gal-
inha et al. 2007). The distribution of the PLT protein results
from a transcriptional gradient and cell-to-cell movement
of the protein and was shown to be responsible for the lon-
gitudinal zonation of the root. High concentrations of the
PLTs slow down cell division in the stem cell niche, whereas
medium levels activate mitotic cell division. Introduction
of an extra copy of PLT leads to a shootward shift in the
expression of the mitotic cell division marker CYCBI; 1. In
addition, ectopic expression of PLT?2 in the protoxylem and
epidermal cells represses differentiation locally, indicating
that the PLTs repress differentiation. The decrease in PLT
levels along the gradient is therefore able to determine where
the transition to differentiation occurs. Although PLTs are
downstream of auxin, they appear to act in parallel with
auxin in the formation of root zones, as their expression
does not change immediately after auxin treatment or in the
auxl ein2 gnom mutant background (M#honen et al. 2014).

However, tissue-specific integration of the auxin and PLT
signals has not yet been discovered in the vasculature of the
root. Each tissue layer differentiates at its own pace, raising
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the question of how each cell layer perceives the auxin and
PLT signals and how individual tissue types communicate
with each other to maintain the root meristem and achieve
balanced root growth (Ubeda-Tomas et al. 2012). One pos-
sibility is provided by a recent analysis indicating that the
PLT genes not only activate various genes involved in the
cell proliferative function of the meristem but also repress
genes that promote cell differentiation (Santuari et al. 2016).
In the future, it will be important to accurately establish the
PLT expression domain during phloem development.

Concluding remarks and future perspective

Visualization techniques have continued to improve in recent
years, opening up new avenues for the study of plant devel-
opment. These include the further development and use of
light sheet fluorescence microscopy for in vivo observa-
tions and the use of serial block phase scanning electron
microscopy for 3D reconstructions at an extremely detailed
level (Furuta et al. 2014; Ovecka et al. 2015). Collectively,
these new techniques will help answer questions that could
not be addressed previously (e.g. How high is the rate of
division in cells of the stem cell niche? How often does
enucleation take place? How long does it take for a cell to
progress through the full SE differentiation program from
the stem cell touching the QC to enucleated cells?). Recent
advances in RNA-sequencing and single cell transcriptom-
ics will also help to elucidate these processes at the level
of a single cell. While single-cell RNA-sequencing has
already been used for several years with animal cells, in
plants it can be combined with established protoplasting and
FACS methods to offer enormous potential for understand-
ing the developmental programs of the root (Efroni et al.
2016; Efroni and Birnbaum 2016). These approaches will
doubtlessly have many applications, including the identifica-
tion of novel phloem genes and attaining a comprehensive
understanding of phloem development at the molecular/gene
expression level. This could serve as a basis for computa-
tional models of regulatory networks which could then be
verified by classical reverse genetics approaches (Balaguer
and Sozzani 2017).
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