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Summary

Organisation and patterning of the vascular network in land plants varies in different taxonomic,
developmental and environmental contexts. In leaves, the degree of vascular strand connectivity
influences both light and CO, harvesting capabilities as well as hydraulic capacity. As such,
developmental mechanisms that regulate leaf venation patterning have a direct impact on
physiological performance. Development of the leaf venation network requires the specification
of procambial cells within the ground meristem of the primordium and subsequent proliferation
and differentiation of the procambial lineage to form vascular strands. An understanding of how
diverse venation patterns are manifest therefore requires mechanistic insight into how
procambium is dynamically specified in a growing leaf. A role for auxin in this process was
identified many years ago, but questions remain. In this review we first provide an overview of
the diverse venation patterns that exist in land plants, providing an evolutionary perspective. We
then focus on the developmental regulation of leaf venation patternsin angiosperms, comparing
patterning in eudicots and monocots, and the role of auxin in each case. Although common
themes emerge, we conclude that the developmental mechanisms elucidated in eudicots are
unlikely to fully explain how parallel venation patterns in monocot leaves are elaborated.

ground and below-ground structures. Although water-conducting
vessels and food-conducting cells are found in nonvascular plants

The evolution of vasculature in land plants released developmental ~ (bryophytes), they lack lignin and therefore have a limited role in
constraints on plant architecture by providing both mechanical =~ mechanical support or hydraulics (Ligrone ezal, 2012). In the
supportand conduits to transport water and solutes between above-  earliest vascular plants (e.g. extinct Cooksonia and Rhynia) the

vasculature of the main axis were comprised of a core of xylem
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surrounded by a ring of phloem (Kidston & Lang, 1917, 1920).
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This ancestral ‘protostele’ was modified during the course of land-
plant evolution but the root and stem vasculature was always
radially patterned in the context of a cylindrical growth axis (Fig. 1).

Extant vascular plants (tracheophytes) in lycophyte, monilo-
phyte (ferns and horsetails) and seed plant (gymnosperms and
angiosperms) lineages all have leaves of some form; however,
leafless fossils suggest that extensive branching of vascularised
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independently on multiple occasions (Boyce & Knoll, 2002;
Harrison & Morris, 2018). Although the exact number of events
continues to be debated, there is general consensus that lycophyte
leaves evolved independently from those of euphyllophytes
(monilophytes and seed plants), and that at least two independent
events occurred within the euphyllophytes, with one in seed plants
and the remainder in monilophytes (Tomescu, 2009). On each

growth axes occurred before leaf evolution (Kenrick & Crane, occasion that leaves evolved, at least three developmental mech-

1997). These same fossils revealed that leaves evolved anisms had to be modified: the first to enable the transition from
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Fig. 1 Vascular patterningin land plants. Land plants evolved from charophyte algae c. 470 million years ago (Ma) and vasculature evolved c. 430 Ma (Kenrick
& Crane, 1997). Stellar patterns in radial axes of extinct (black) and extant (green) plant groups are indicated. Protostele is observed in the stems of some extant
lycophytes and ferns (albeit with structural variations in terms of the geometry of the xylem), and in the roots of all vascular plants (Beck et al., 1982; Tomescu,
2021). For simplicity, subtypes of protostele that display different xylem geometries are notincluded. Derived arrangements thatinclude pith tissue are seenin
the stems of most ferns (siphonostele), Equisetum (eustele) and all seed plants (eustele or atactostele), but their respective evolutionary trajectories from
protostele are not clear. A sheath layer is absent in Rhynia (Kidston & Lang, 1917) but was reported in Asteroxylon (Kidston & Lang, 1920). Leaf venation
patternsare representedin transverse and paradermal views. In extant species, xylem and phloem arrangements are concentricin lycophyte leaves but collateral
(polarised in the adaxial-abaxial leaf axis) in seed plants, as indicated. Both concentric and collateral forms are seen in extant monilophytes (Parihar, 1966).
Along the apical-basal leaf axis, single veins are a feature of extinct and extantlycophytes, of some extant monilophytes following reversion, and of some extant
gymnosperms. Divergent, convergent and reticulated patterns are represented in the evolutionary trajectory of monilophytes, gymnosperms and angiosperms,
but not all are seen in extant taxa of each group (Boyce & Knoll, 2002).
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indeterminacy in the main growth axis to determinacy in a lateral
organ; the second to developmentally pattern planar, flattened
structures; and the third to connect tissues of the lateral organs to
the vasculature of the main axis. Comparative analyses between the
lycophyte Selaginella kraussiana and the model angiosperm
Arabidopsis thaliana (Arabidopsis) suggest that the same develop-
mental mechanism was recruited in parallel during the evolution of
determinate lateral organs in lycophytes and seed plants (Harrison
et al., 2005). In both cases, KNOTTED1-like (KNOX) home-
odomain transcription factors promote indeterminacy in the shoot,
and determinacy in the leaf is maintained through suppression of
KNOX activity by MYB-like ARP transcription factors (Harrison
etal., 2005). By contrast, expression patterns of genes encoding
Class IIT HD-ZIP transcription factors in extant lycophytes, ferns
and seed plants suggest that the establishment of organ polarity and
the elaboration of distinct venation systems in lycophyte and
euphyllophyte leaves could have been mediated by different
developmental mechanisms in the two lineages (Floyd & Bowman,
2006; Prigge & Clarke, 2006; Vasco et al., 2016; Zumajo-Cardona
etal., 2019). This suggestion is consistent with the proposal that
leaf venation systems evolved in different contexts, either in
nonvascularised lateral outgrowths (Bower, 1908; Kenrick &
Crane, 1997) or through modifications of branched stems
(Zimmermann, 1952).

The evolution of leaves increased the capacity for photosyn-
thesis by expanding the surface area available to capture light and
CO,, however, the extent to which that capability was realised was
linked to the capacity of the vascular system to move water into
the leaf (de Boer eral, 2012; Sack & Scoffoni, 2013). Fossil
evidence suggests that early leaves of all vascular plant groups were
small structures with a single vein per lamina segment (Boyce &
Knoll, 2002). Given that hydraulic modelling has demonstrated
how single veins can constrain both the size and shape of the leaf
that they serve (Zwieniecki et al., 2004), it is therefore likely that
the evolution of diverse leaf morphologies was intrinsically linked
to the development of increasingly complex venation systems.
Indeed, the interdependency of venation complexity and leaf
growth has been proposed to explain the diversity of leaf shapes
(Runions eral., 2017). Such a link, particularly in relation to
shape variations such as serrations, is proposed to have functional
significance in terms of influencing both water conductance and
photosynthetic capacities (Brodribb ezal, 2010; Nicotra ezal.,
2011). Notably, increases in venation complexity followed the
same trajectory in monilophyte and seed plant lineages, with
divergent, convergent and reticulate patterns of veins that ended
at the leaf margins emerging sequentially (Boyce & Knoll, 2002;
Rothwell ezal, 2014) (Fig.1). The final pattern to emerge,
reticulate venation with veins ending internally in the lamina, is
generally associated with leaves of dicotyledonous angiosperms,
but examples can be found in extant ferns (e.g. polypods and
dryopterids) and gymnosperms (e.g. Gnetales). Reversion to
single vein leaf forms has been documented, with multiple
examples in monilophytes (Kenrick & Crane, 1997; Corvez ez al.,
2012), but in all cases this reversion was accompanied by a
reduction in leaf size. In combination, evidence from both extinct
and extant plant groups suggests that developmental mechanisms
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that elaborate leaf venation patterns both regulate and are
regulated by organ growth controls.

This review draws together historical and recent research that
sheds light on how leaf venation patterns are regulated in extant
land plants. Whilst recognizing the range of patterns that are
evident across lineages, the main focus is on angiosperms, and
specifically on a comparison between developmental mechanisms
in eudicotyledonous (eudicot) and monocotyledonous (monocot)
species. Although the leaf venation system in any plantis an integral
part of the shoot—root vascular network, patterning and cell-type
differentiation in the embryo, root and stem vasculature is not
discussed here because the topics have been extensively covered
elsewhere (e.g. Lucas ez al., 2013; De Rybel ¢t al., 2016; Hellmann
et al.,2018; Fischer ez al.,2019; Fukuda & Hardtke, 2020; Ohashi-
Ito & Fukuda, 2020).

Il. Leaf venation patterns in angiosperms

With few exceptions, leaf venation patterns in angiosperms are
elaborated in a flattened organ, with patterning occurring as
proximo-distal (base to tip), medio-lateral (midrib to margins) and
adaxial-abaxial (upper to lower) axes (Fig.2a) are being estab-
lished, as well as during later stages of growth (reviewed in Satterlee
& Scanlon, 2019). In monocots, the leaf commonly comprises a
distal blade and a proximal sheath, whereas in eudicots the blade is
subtended by a petiole. In both cases, vein networks develop
hierarchically with lower order (major) veins developing before
higher order (minor) veins (Esau, 1965; Nelson & Dengler, 1997).
This hierarchy, which is both spatially and temporally regulated by
the dynamic interplay between organ growth, axis formation and
vascular differentiation, yields network topologies that are classified
on the basis of the number, position and connectivity of veins
(Hickey, 1973; Roth-Nebelsick ezal, 2001; Sack & Scoffoni,
2013) (Fig. 2b,¢).

In most monocot leaves, the major vein ranks align in parallel
along the proximo-distal axis, with the primary (composite
midvein), secondary (laterals) and tertiary (‘rank 1” intermediates)
veins forming in sequence. All of these vein ranks are classified as
‘major’ in that the ring of sheath cells encircling the vein is capped
by sclerenchyma (bundle sheath extension cells) on the adaxial and/
or abaxial side (Esau, 1965) (Fig. 2d). Minor vein ranks include the
nonsclerified transverse veins that develop parallel to the medio-
lateral axis to create a closed grid plus the longitudinal ‘rank 2
intermediate’ veins that generate the high vein densities typical of
Cy grass leaves (Ueno etal, 2006; Sedelnikova eral, 2018).
Although examples of nonparallel systems can be found in
monocots (e.g. banana) the otherwise uniformity of venation
patterns is consistent with the relatively invariant strap shape of
many monocot leaves (particularly in the grasses), but is in sharp
contrast with the diverse range of patterns and shapes in eudicot
leaves. In both simple and compound leaves of eudicots, the
primary veins comprise either the single midvein extending along
the proximo-distal axis (pinnate) or the midvein plus a small
number of veins branching from it towards the margins (palmate)
(Fig. 2b). In most cases the secondary veins emerge from the
pinnate or palmate scaffold to form either closed loops
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Fig. 2 Leaf venation in angiosperms. (a) Schematic showing axes and
domains in simple leaves of monocots and eudicots. The midvein, which
extends from the base of the sheath to the tip of the blade (monocots) or
from the petiole to the tip of the blade (eudicots), is indicated. In grass leaves
the blade and sheath regions are demarcated by a ligule. (b) Patterns of
primary (green) and secondary (turquoise) veins observed in monocot
(parallel only) and simple eudicot leaves. (c) Patterns of tertiary (pink) veins
observed in monocot leaves (parallel only) and in simple eudicot leaves with a
pinnate brochidodromous scaffold. The three different tertiary patterns in
eudicots can also be found in palmate brochidodromous, pinnate
craspedodromous and palmate craspedodromous leaves. (d) Schematic
transverse sections of leaf veins in monocots and eudicots. The adaxial side is
uppermost.
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(brochidodromous) (Fig. 2b), an array of single veins that termi-
nate at the leaf margin (craspedodromous) (Fig. 2b) or a combina-
tion of the two. Finally, tertiary veins form percurrent, ramified or
reticulate patterns (Fig. 2¢), yielding either open or closed networks
depending on the precise combination of primary, secondary and
tertiary vein structures. In general terms, therefore, leaf venation
patterns in monocots tend to be parallel and closed whereas those in
eudicots are reticulate and can be either open or closed.

In addition to recognizable topologies in the proximo-distal and
medio-lateral axes, leaf veins develop with adaxial—abaxial polarity.
In the majority of angiosperms, xylem is positioned adaxially and
phloem abaxially (Fig. 2d). Within the xylem and phloem tissue,
cell-type differentiation varies between major and minor veins. For
example, major veins have higher proportions of large metaxylem
vessels than minor veins. Different proportions of phloem cell types
are also found because major veins generally unload sugars in sink
leaves (while minor veins are still developing), whereas minor veins
upload sugars in source leaves (Haritatos ez /., 2000; Rennie &
Turgeon, 2009). Although the specifics of xylem and phloem
differentiation will not be considered further (reviewed in Schuetz
etal., 2012; Sack & Scoffoni, 2013; Furuta ez al., 2014; Anne &
Hardtke, 2018; Lopez-Salmerén eral., 2019), adaxial-abaxial
patterning is discussed in more detail in a subsequent section
(Section IV).

The leaf venation patterns discussed previously have long
intrigued both natural and physical scientists. Now, more than 50
years after Sachs first proposed that the phytohormone auxin
induced the differentiation of vascular tissue after wounding
(Sachs, 1969), there is still much to learn about how auxin
homeostasis influences (and is influenced by) vein formation. The
rest of the review focuses on how auxin synthesis, transport and
signalling pathways interact with both genetic and biophysical
parameters to pattern the leaf venation network, with an emphasis
on mechanistic differences between monocots and eudicots.

lll. Auxin — synthesis, transport and signalling

Auxin regulates numerous developmental processes (reviewed in
Scarpella ez al., 2010; Zhao, 2018; Swarup & Bhosale, 2019) and
therefore its activity has to be tightly regulated both spatially and
temporally. Such regulation requires finely tuned coordination
between de novo synthesis, storage, degradation, transport and
signalling, each of which is discussed in later sections (Sections
I11.1-4). We also discuss the potential and limitations of methods
that have been used to detect auxin activity in vivo during leaf
development (Section IIL.5). Finally, we speculate on how the
evolution of auxin pathway components may have facilitated the
development of vascular tissues (Section I11.6).

1. Synthesis

The most abundant auxin molecule, indole-3-acetic acid (IAA),
can be synthesised de novo in plants in a tryptophan (Trp)-
dependent or Trp-independent way. The existence of a Trp-
independent pathway was postulated because IAA was detected in

© 2022 The Authors
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Trp auxotroph mutants (Wright eral, 1991; Normanly ezal.,
1993), but details of the pathway are scarce. By contrast, four
different Trp-dependent pathways have been identified (reviewed
in Zhao, 2012; Kasahara, 2016; Zhao, 2018). The best charac-
terised is the two step tryptophan aminotransferase (TAA)/
YUCCA (YUC) pathway in which TAA first removes the amino
group from Trp to form indole-3-pyruvate (IPA) and then IPA is
decarboxylated by YUC to produce IAA (Zhao eral, 2001;
Stepanova et al., 2011; Won ez al., 2011) (Fig. 3a, blue). Despite
the apparent simplicity of this two-step pathway, it was initially
difficult to characterise because of the number of homologous
genes involved. For example, 4 TAA and 11 YUC genes are found
in Arabidopsis (Zhao ez al., 2001; Cheng et al., 2006; Stepanova
etal., 2008, 2011). However, IAA synthesis can be disrupted
through mutation of multiple paralogues or by pharmacological
inhibition and in each case decreased IAA is associated with the
development of a disorganised and fragmented venation network
(Stepanova ez al., 2008, 2011; Nishimura et al., 2014), suggesting
that auxin biosynthesis is involved in regulating leaf venation
patterns.

2.. Storage and degradation

Some mechanisms operate to ensure that bioactive auxin accumu-
lates at the right level in the appropriate spatial and temporal
contexts throughout development. The first (Fig. 3a, blue) is
enabled by the complexity of the YUC and TAA gene families,
which allows for context-dependent accumulation of different
YUC and TAA enzymes, and therefore for tissue- and/or stage-
specific regulation of auxin synthesis (Cheng ezal, 2006). The
second controls the amount of auxin synthesised by regulating
levels of the YUC/TAA pathway intermediate IPA. In this case, the
aminotransferase VAS1 (Fig. 3a) acts as a rheostat to coordinately
regulate intermediates of the auxin and ethylene biosynthesis
pathways, converting IPA back to Trp when levels are too high
(Zheng et al., 2013). The third control system (Fig. 3a, yellow)
regulates the amount of active auxin that is locally available
(reviewed in Ludwig-Muller, 2011). Free IAA is the active form of
auxin whereas TAA conjugated with sugars or amino acids is
inactive. Conjugation to sugars is mediated through UDP-glucosyl
transferase (UGT) enzymes (Szerszen et al., 1994) and to amino
acids using the Gretchen Hagen 3 (GH3) family of IAA-amido
synthetases (Hagen eral, 1991; Staswick eral, 2005). Impor-
tantly, conjugation with most amino acids is reversible enabling
free TAA to be regenerated by amidohydrolases such as TAA-
LEUCINE RESISTANT 1-like (IRL1) and IAA-ALANINE
RESISTANT 3 (IAR3) (Bartel & Fink, 1995; Davies et al., 1999).
Two exceptions, IAA-Asp and IAA-Glu, provide a fourth level of
regulation (Fig. 3a, green) because they trigger IAA oxidation and
subsequent degradation (Ludwig-Muller, 2011). Although not
exclusively a consequence of conjugation with Asp and Glu, auxin is
oxidised and degraded by the enzyme DIOXYGENASE FOR
AUXIN OXIDATION (DAO) (Zhao et al.,2013). Changes to the
auxin conjugation machinery have been achieved by overexpression
of conjugating enzymes (Romano ez al., 1991) or by multiple gene
knockouts of conjugated IAA hydrolases (Spiess ez al., 2014). Both

© 2022 The Authors
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manipulations led to pleiotropic defects associated with either a
decrease or increase in active auxin, including defects in vascular
differentiation (for overexpression in tobacco) or a fragmented
vascular network (for multiple knockouts in Arabidopsis). Inter-
estingly, in Arabidopsis, loss of function of IAA-conjugate
hydrolases led to an increase in the expression of genes encoding
IAA biosynthetic enzymes (Spiess ez al., 2014). Regulated interplay
between auxin synthesis, conjugation and degradation therefore
influences where, when and how much auxin accumulates in cells of
the leaf, and in so doing must play a role in leaf venation patterning,
but because auxin can move intercellularly this is only part of the
picture.

3. Transport

The bulk of auxin is synthesised in source organs and is then
transported, either passively or actively, to elsewhere in the plant or
to other locations within the same organ. Passive long-range
movement occurs via the phloem (Goldsmith ez al., 1974), whereas
passive short-range movement occurs by diffusion across the
plasma membrane or through plasmodesmata (Han ez al., 2014;
Gao eral., 2020). Because auxin is mildly acidic, passive transport
across membranes is affected by local pH (Fig. 3b). In the acidic
milieu of the apoplast (c. pH 5.5), auxin is partially protonated to
form IAAH but in the cytosol (. pH 7.0) unprotonated IAA
predominates. Neutrally charged IAAH can diffuse through the
lipid bilayer from the apoplast to the cytosol whereas IAA™ cannot
cross from the cytoplasm to the apoplast. Passive movement
therefore contributes to long-range source-to-sink translocation
and to short-range cellular influx, but cellular efflux occurs almost
exclusively by active transport. Interestingly, diffusion through
plasmodesmata may have a ‘nonpassive’ component, with direc-
tional flux achieved by unequal deposition of callose in plasmod-
esmata of different cellular axes (Gao ez al., 2020). Although it is
unclear how plasmodesmatal and transporter-mediated auxin
fluxes are coordinated, active auxin transport is required for a
plethora of cellular and developmental processes including phyl-
lotaxis, organ initiation and vascular patterning (reviewed in
Petrasek & Friml, 2009; Zazimalova et al., 2010; Skalicky et al.,
2018).

Various auxin transporters have been isolated including AUXIN-
RESISTANT1/LIKE-AUX (AUX1/LAX), PIN-FORMED (PIN),
PIN-LIKES (PILS) and ATP-binding-cassette B (ABCB) family
proteins (reviewed in Petrasek & Friml, 2009; Zazimalova e al.,
2010; Balzan eral, 2014) (Fig. 3b). Plasma membrane (PM)-
localised AUX1/LAX transporters act to facilitate movement of auxin
into the cytoplasm (Peret ez al., 2012). By contrast, PIN proteins act
as auxin efflux carriers at the PM and as both efflux and influx carriers
at the endoplasmic reticulum (ER). All PIN proteins consist of five
transmembrane helices at both the N- and C-termini that are
separated by a cytoplasmic hydrophilic loop (HL), with ‘canonical’
PM-localised PINs that have long hydrophilic loops and noncanon-
ical ER-localised PINs that have short hydrophilic loops (Viaene
etal., 2013; Zhang eral., 2020a,b). Intermediate length HLs have
been associated with localisation at both the PM and the ER (Simon
et al., 2016). As for noncanonical PINs, PILS are localised at the ER
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Fig. 3 Overview of auxin metabolism, transport and signalling. (a) Auxin levels are maintained through de novo synthesis (blue), conjugation (yellow) and
degradation (green). In the well characterised TAA/YUC tryptophan (Trp)-dependent synthesis pathway, Trp is initially converted into indol-3-pyruvate (IPA)
by tryptophan aminotransferase (TAA) enzymes. IPA is then converted into indol-3-acetic acid (IAA), which is the most common form of auxin, by YUCCA
(YUC) enzymes. The levels of IPA intermediate available in a cell can be controlled by the pyridoxal phosphate-dependent aminotransferase VAS1, which
converts IPA back into Trp. Conjugation with amino acids, peptides or sugars regulates the amount of biologically active auxin with enzymes such as Gretchen
Hagen 3 (GH3) and UDP-glucosyl transferase (UGT) conjugating IAA with amino acids or sugars, respectively. Conjugation with amino acids such as alanine
and leucine is generally reversible via enzymes such as IAA-LEUCINE RESISTANT 1-like (IRL1) and its homologue IAA-ALANINE RESISTANT 3 (IAR3), whereas
conjugation with aspartic acid (Asp) or glutamic acid (Glu) flags auxin for oxidation to 2-oxindole-3-acetic acid (oxIAA) and subsequent degradation. oxIAA can
also be generated independently of conjugation by the enzyme DIOXYGENASE FOR AUXIN OXIDATION (DAO). (b) Summary of auxin transport pathways
identified in Arabidopsis thaliana. Auxin can move in and out of the cell via plasmodesmata (purple arrow) and diffuse in as IAAH (blue arrow). Other flux is
mediated by transporter proteins that are localised in the plasma membrane or endoplasmic reticulum. AUX/LAX (yellow) transporters move auxin into the cell
whereas PIN (blue) and ABCB (orange) transporters move auxin out of the cell. Transport between the cytoplasm and endoplasmic reticulumis mediated by PIN
(influx and efflux) and PIN-LIKES (PILS; grey) (influx only) transporters. (c) Canonical auxin signalling pathway. Auxin response factor (ARF) transcription
factors bind to auxin response elements (AuxRE) in the promoters of auxin responsive genes. At low concentrations of auxin, Aux/IAA proteins interact with
ARFstoinhibit their activity whereas at high concentrations auxin mediates an interaction between Aux/IAA and the TIR1/AFB F-box protein of the E3 Ubiquitin
ligase Skp, Cullin, F-box containing (SCF) complex. This interaction leads to polyubiquitination of the Aux/IAA and subsequent degradation by the proteasome.
As a consequence, ARF inhibition is relieved enabling expression or repression of the auxin responsive gene depending on whether the ARF is an activator ora
repressor (only activation is shown).
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where they act to maintain intracellular auxin homeostasis, probably
by sequestering auxin in the ER and therefore regulating the amount
of auxin available for diffusion into the nucleus (Barbez e al, 2012).
The role of ABCB transporters, which localise nonpolarly at the PM,
is more complicated than that of AUX/LAX, PIN and PILS because
only some family members have auxin transport ability (Noh ez 4/,
2001; Geisler eral, 2005; Lewis ezal, 2009). Of those, some are
efflux carriers (Geisler ez al., 2005), whereas others can either import
or export depending on auxin concentration in the cell (Kamimoto
etal., 2012; Kubes ezal., 2012). Clearly, coordinated regulation of
these different transporter types, both intercellularly and intracellu-
larly, is necessary to modulate auxin levels and activity within plant
tissues.

Whereas ER-localised PINs and PILS maintain intracellular
auxin homeostasis (Mravec eral, 2009; Ding eral, 2012),
canonical PM-localised PINs play a pivotal role in polar auxin
transport (PAT) and therefore in developmental processes that
involve PAT, such as venation patterning. In Arabidopsis roots, the
polar localisation of PINs is regulated by a combination of
endocytic recycling that delivers PIN proteins to the basal PM, the
formation of protein clusters within the basal PM to prevent lateral
diffusion, and localised clathrin-mediated endocytosis at lateral
PMs (Kleine-Vehn ezal, 2008, 2011). Intriguingly, an ABCB
protein stabilises PINT in specific domains of the PM, leading to
enhanced auxin flux and reduced PIN1 recycling (Titapi-
watanakun ez al., 2009). Once localised, PIN activity is regulated
by phosphorylation of specific residues within the HL by either
PINOID (PID) or D6 PROTEIN KINASE (D6PK), with D6PK
being localised specifically at the basal PM (reviewed in Barbosa
etal., 2018). Delivery of PIN and D6PK to the basal PM is
mediated by ADP-ribosylation factor GTP-exchange factors (ARF-
GEFs) such as GNOM and, in both cases, the process is induced by
auxin (Sauer et al., 2006; Kleine-Vehn ez /., 2008; Barbosa ez 4/,
2014). In this way, PAT is reinforced by auxin itself, generating a
feedback loop that plays a role in the specification and elaboration
of leaf veins (see Section IV for further details). Recent work in
Arabidopsis has shed light on the role of these regulators,
specifically GNOM, in the context of cell polarity in leaves (Verna
etal., 2019). Phenotypic characterisation of loss-of-function
mutations in single or multiple PIN genes, with or without
mutations in GNOM, suggested that GNOM controls both auxin
transport and signalling during vein formation and patterning, a
role that has not yet been uncovered in Arabidopsis roots (Verna
etral., 2019). These findings suggest that the mechanism and
control of cell polarity during vein formation and patterning is
likely to differ between root and shoot, despite shared molecular
players.

4. Signalling

The canonical auxin signalling pathway induces the transcription
of genes that contain auxin response elements (AuxREs) in their
promoters (Fig. 3¢) (reviewed in Lavy & Estelle, 2016; Weijers &
Wagner, 2016; Leyser, 2018). AuxREs are bound by dimers of
auxin response factor (ARF) transcription factors that contain a
DNA-binding domain and adjacent dimerisation domain at the N
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terminus, a central transactivation or repressor domain, and a C-
terminal type I/II Phox and Bem!1 (PB1) domain. At low auxin
concentrations, Aux/IAA transcriptional repressors interact with
ARFs via the PB1 domain and inhibit ARF activity (Fig. 3¢)
(Korasick er al., 2014) whereas, at high concentrations, auxin binds
both to a degron motif in domain II (DII) of the Aux/IAA protein
and to a F-box protein of the TIR1/AFB family. The F-box is
associated with an E2 ubiquitin ligase, RING box protein 1
(RBX1), cullin 1 (CUL1) and S-phase kinase associated protein 1
(SKP1), which together comprise the E3 ubiquitin ligase SCF™™/
AFB complex (Ulmasov ez al., 1997a,b; Boer et al., 2014; Lavy &
Estelle, 2016). The auxin-mediated interaction between TIR1/
AFB and Aux/TAA leads to polyubiquitination of the Aux/IAA by
the SCF complex and subsequent degradation by the proteasome
(Gray etal., 2001; Dos Santos Maraschin ez al., 2009). ARFs are
therefore de-repressed allowing the transactivation of auxin
response genes (Fig. 3¢c) (Dharmasiri eral., 2005; Kepinski &
Leyser, 2005; Tan et al., 2007; Calderén Villalobos ez al., 2012).
Notably, several ARFs act as transcriptional repressors rather than
activators, but their mode of action is unclear (Gray ez al., 2001;
Dos Santos Maraschin ez al., 2009). Because each component of the
auxin signalling pathway is encoded by a member of a multigene
family (e.g. in Arabidopsis there are 6 AFB, 29 Aux/IAA and 23
ARF proteins), and different family members display different
interaction affinities and/or stability, the ‘canonical’ auxin pathway
has multiple forms both within and between species, each of which
can be recruited into different developmental contexts (reviewed in
Leyser, 2018).

5. In vivo detection

Given the complexity of auxin signalling and response pathways,
elucidating the role of the hormone in any particular developmental
process requires an understanding of how spatial and temporal
patterns of activity differ within and between tissues. To this end,
several nondestructive tools have been developed to study auxin
signalling in vive. For example, signalling activity can be detected
using fluorescent reporters that are fused to the DII degron
sequence of Aux/IAA proteins (Brunoud ez al., 2012) (Fig. 4a). In
low auxin, DII is intact and fluorescence can be detected but when
auxin levels are high, auxin binding to DII triggers degradation of
the fusion protein and the fluorescence signal decreases. Quantifi-
cation of the signalling response is enabled by the use of ratiometric
DII reporters in which either the same promoter is used to drive
expression of both the degradable DII and the auxin insensitive
nondegradable mDII reporters (Liao ezal., 2015). Alternatively,
the degradable DII-mVenus reporter is linked to tagBlue-
Fluorescent-Protein (tagBFP) by a 2A peptide that causes ribosome
skipping and therefore translation of the two proteins as individual
entities (Wend etal, 2013; Galvan-Ampudia etal, 2020)
(Fig. 4b). Due to their ability to bind auxin, DII reporters have
been used to infer auxin levels iz planta but binding of auxin to
endogenous DII sequences requires the TIR1/AFB co-receptor and
degradation requires the SCF™™AF® complex, both of which can
vary within and between tissues. As such, DII reporter activity is not
representative of auxin level per se. A second approach to monitor
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auxin distribution profiles uses transcriptional response reporters in
which artificial promoters (DR5, DR5revand DR5v2) that contain
several AuxRE repeats fused to the minimal CaMV35s promoter
are used to drive B-glucuronidase (GUS) or fluorescent reporter
gene expression (Ulmasov ez al., 1997a,b; Liao ez al, 2015). DR5
variants with different sensitivities are engineered by varying both
the AuxRE motifs used and the configuration/spacing between,
which in turn impacts on the ability of different ARF dimers to bind
(Boer ez al., 2014). In all cases, reporter gene activity is detected in
regions of high auxin (Fig. 4¢), but again, relative activity cannot be
used as a proxy for auxin level per se because any response depends
on activity of the upstream signalling machinery. Only AuxSEN, a
direct auxin biosensor that uses an engineered bacterial tryptophan
repressor (TrpR) coupled with fluorescence resonance energy
transfer (FRET) allows the direct detection of auxin in vive
(Herud-Sikimi¢ ezal., 2021) (Fig. 4d), but even with AuxSEN
there may be limitations such as the range of concentrations that
can be detected (reviewed in Balcerowicz ez al., 2021). Combined
use of all three reporter systems, however, would allow an
evaluation of the spatial distribution of auxin (AuxSEN), of auxin
signalling inputs (activation) (DII) and of auxin signalling outputs
(response) (DRS), plus any temporal delay between auxin input
and transcriptional response can be monitored. Because much of
our understanding of how auxin influences leaf venation patterning
is currently based on the use of just DII and DR5 reporters, with
different combinations of reporter systems used in different
experimental contexts, any comparison between studies requires
careful interpretation.

6. Evolution

Given the number and combinatorial complexity of components
involved in auxin signalling and response pathways in angiosperms,
itis reasonable to ask whether any particular component(s) evolved
in the last common ancestor of lycophytes and euphyllophytes that
could have facilitated deployment of the auxin pathway for the
development of vascular structures. Genomic (Rensing ez 4., 2008;
Bowman eral, 2017) and genetic analyses have shown that
synthesis via the TAA/YUC pathway (Thelander ez 4/, 2018), polar
transportvia PIN1 (Bennett ez al., 2014; Zhang et al., 2020a,b) and
signalling via AUX/IAA, ARF and TIR1/AFB proteins (Prigge
et al., 2010; Flores-Sandoval et al.,, 2015; Kato et al.,2015) occur in
bryophytes, suggesting that the auxin pathway is likely to function
in all land plants. However, genome data revealed potentially
important gene duplication events as land plant groups diversified.
For example, phylogenetic analyses indicated that different
mechanisms of auxin transport appeared at different times, with
sequences encoding the largely nonpolar ABCB, ER-localised PILS
and AUX1/LAX transporters found in chlorophyte algae, whereas
those encoding polar PIN transporters were only found in the
streptophyte lineage (charophyte algae plus land plants) (Barbez
etal.,2012). Ina second example, evolutionary trajectories of AUX/
IAA, ARF and TIRI/AFB gene families revealed expansions of all
three in the last common ancestor of euphyllophytes (Mutte ez al.,
2018). This observation suggests that the transition from single
veins to complex venation patterns may have been facilitated by an
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enhanced capacity to spatially regulate auxin signalling in the
developing leaf primordium. Finally, the number of GH3 genes in
the lycophyte Selaginella moellendorffii (i.e. 17) is similar to the 19
in Arabidopsis, but considerably higher than the two in the moss
Physcomitrella patens (Banks eral., 2011), suggesting a possible
expansion in the last common ancestor of vascular plants. Although
the moss GH3 proteins conjugate IAA (Ludwig-Muller ez al.,
2009), loss-of-function mutant phenotypes suggest that conjuga-
tion serves to protect plants from unfavourable growth conditions
rather than to regulate developmental processes (Mittag et al,
2015). Gene duplication and neo-functionalisation may therefore
have allowed GH3-mediated IAA conjugation to be incorporated
into developmental programmes. Although a direct role for GH3
genes in leaf venation patterning has not been demonstrated, in this
scenario, the ability to spatially and temporally regulate the
accumulation of bioactive auxin has evolved coincident with
development of the land plant vascular system.

IV. Ontogeny of leaf veins

Having considered the range of leaf venation patterns observed in
land plants and the specifics of mechanisms that regulate auxin, we
now move on to integrate our understanding of how the leaf
venation network develops and of how auxin contributes to the
process, identifying the unanswered questions that need to be
addressed to reveal the genetic basis of the diversity observed.

1. Primordium initiation and development of the midvein

In both monocots and eudicots, leaves are formed from a
multicellular, multilayered shoot apical meristem (SAM) (for
general overview see Steeves & Sussex, 1989), with the switch from
meristematic growth to determinate organ development initiated
by the formation of an auxin maximum on the flanks of the SAM
(Reinhardt et al., 2000, 2003; Benkova ez 4l., 2003; Heisler ez al.,
2005; O’Connor ez al., 2017). The spatial regulation of initiation
events is geometrically precise, giving rise to recognisable phyl-
lotactic patterns in which the angle between any two leaves is
commonly 90°, 137.5° or 180°. However, temporal regulation is
more variable both within and between species. Classically, the
time interval between the initiation of successive leaf primordia is
referred to as a plastochron (P), but the term has been adopted to
denote the relative position of primordia (Sylvester ez /., 1990). In
this context, the location of the auxin maximum denotes an
incipient primordium (P0), the smallest visible primordium is P1,
the next largest is P2 and so on (Fig. 5a,b). Midvein development
always starts before the emergence of P1, with PIN1 accumulation
at the tip of the incipient primordium appearing progressively
downwards towards the stem to mark the positon of the
provascular trace. Subsequently, the appearance of morphologi-
cally elongated cells and protophloem differentiation proceeds
acropetally; these processes take place either through de novo
specification in the leaf primordium (monocots, Fig. 5¢), or
through extension from the subtending stem vasculature (eudicots;
Fig. 5d). In all cases examined, midvein position is predicted by
auxin flux through a longitudinal file of cells referred to as the
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Fig. 4 Nondestructive tools to study auxin. (a)
Nonratiometric reporter constructs contain DII
fused to a fluorescent reporter protein,
generally triple-Venus. Auxin signalling is
detected when the DIl domain (and therefore
the fused reporter protein) is degraded. (b)
Ratiometric reporter constructs additionally
contain a nondegradable fluorescent reporter
that is generated either by fusing a modified
DIl (mDII) domain that is not targeted for
degradation by auxin with a second
fluorescent protein (R2D2), or by linking
tagBlue-Fluorescent-Protein (tagBFP) to DII-
Venus via a 2A peptide (qDIl). (c)
Transcriptional response reporters use artificial
promoters (DR5, DR5rev and DR5v2)
containing several auxin response element
(AuxRE) repeats to drive the expression of
reporters such as GUS or fluorescent proteins.
(d) AuxSen is a synthetic auxin sensor that
combines an engineered bacterial tryptophan
repressor (TrpR) with a pair of Forster
resonance energy transfer (FRET)
fluorophores. When auxin binds to the TrpR it
causes a conformational change that brings
the donor and acceptor fluorophores together
resulting in FRET.
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provascular trace (Fig. 5a—d). The establishment of auxin flux from
the pool of cells on the flank of the SAM into the provascular trace is
therefore the first step in the development of the leaf venation
network.
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A clear distinction between midvein development in monocots
and eudicots has been revealed by the identification of midribless
mutants in monocot species (Rao eral., 1988; Fladung, 1994;
Yamaguchi ezal., 2004; Strable ezal, 2017; Richardson ezal.,
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2020), but not in eudicot species. In wild-type monocot leaves, the
midvein is a composite structure comprised of some small veins
either side of the median vein and achlorophyllous parenchyma
cells (Fig. 5¢). In all of the mutants, the midribless phenotype is
caused by a failure to develop the composite midvein at P2, as
opposed to a failure to specify the median vein. Causative
mutations are found in the DROOPING LEAF genes of maize
and rice that encode members of the YABBY family (Yamaguchi
etal., 2004; Strable etal, 2017) and in an AUX/IAA family
member (ZmIAA28) in maize (Richardson ezal, 2020). YABBY
genes promote organ growth and expansion (Eshed ez /., 2004) in
both monocots and eudicots, particularly during carpel develop-
ment (Bowman & Smyth, 1999; Yamaguchi ez al., 2004; Strable
etal, 2017), but the recruitment of DROOPING LEAF for
localised development and proliferation along the midline of the
leaf primordium is monocot-specific. Crucially, in the absence of
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this proliferation the median vein appears anatomically similar to
adjacent lateral veins, all of which develop normally. This
observation suggests that, in monocots, the development of higher
order (lateral) veins is not dependent on the formation of the
midvein, and that the median vein is inherently equivalent to a
lateral vein.

Although midveins in monocots and eudicots are fundamentally
different both in terms of ontogeny (initiate de novo vs extend from
the stem vasculature; Fig. 5¢,d) and anatomy (composite vs single;
Fig. 5e,f), formation of both is preceded by an auxin-associated
provascular trace. Models to explain how this trace forms have been
developed over many years, with the canalisation hypothesis being
the first (Sachs, 1969, 1981). Canalisation assumes that auxin
moves towards a sink where levels are low and that flux through a
cell is reinforced in the direction of travel. Together these
parameters create a unidirectional flow, as seen in the provascular
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Fig. 5 Schematic representation of primordium initiation and midvein formation in monocots and eudicots. (a) Sideways view of a monocot shoot apical
meristem (SAM) with the two youngest (plastochron (P)1 and P2) leaf primordia encircling the apex and showing opposite (180°) phyllotaxy. The auxin
provascular trace that marks the midvein position is depicted in blue in the P1 primordium. Any leaf can be described both by aninvariant number that defines its
position relative to the number of leaves that have expanded since germination (leaf 1 is always the oldest) and a variable number that defines developmental
stage relative to initiation (P1 is always the youngest). (b) Top-down view of a eudicot SAM with the five youngest (P1-P5) primordia showing spiral (137.5°)
phyllotaxy. The auxin maximumin the SAM that marks PO and the provascular trace that marks the midvein position in the P1 primordium are depicted in blue.
(c, d) Longitudinal sections of shoot apices showing midvein formation in P1 and P2 primordia. Auxin traces, direction of flow and the maximum at PO are shown
in blue. In most monocots midvein (green) development is initiated de novo in the leaf primordium, extending both downwards into the shoot to join the stem
vasculature and up into the leaf (c), whereas in eudicots the midvein extends from existing stem vasculature towards the leaf primordium (d). (e) Transverse
section of a composite monocot midvein. The median vein, which is flanked by smaller veins on both sides, is positioned abaxially in photosynthetic tissue and
clear parenchymatous cells are positioned adaxially. Sclerenchyma cells that form adaxially and abaxially are not shown. (f) Transverse section of a eudicot
midvein. Asingle large veinis positioned adaxially in photosynthetic tissue and clear parenchymatous cells are positioned abaxially. Sclerenchyma cells that form
adaxially and abaxially are not shown. (g) Direction of auxin flow during primordium initiation and midvein formation according to the dual polarisation model
(adapted from data in Bayer et al. (2009)). Cells in the developing primordium are represented as a flat sheet of squares, with the top row representing the L1
epidermal layer. Relative concentrations of auxin are depicted by shades of blue (darker shade indicates a higher concentration) and the direction of auxin flow
by blue arrows. Localisation of PIN1 transportersis indicated by yellow (PIN7 in Arabidopsis but SoPIN7 in angiosperms other than the Brassicaceae) or maroon
(PINT) lines. Existing stem vasculature is represented by the green square. At PO (left panel) an auxin maximum is created in the L1 layer of the SAM as a
consequence of lateral localisation of PIN1 and flux towards a convergence point. At early P1 (middle panel) auxin flow changes direction (white arrow), moving
into cells below the convergence point and towards existing stem vasculature. Atlate P1 (right panel), canalisation towards the existing vasculature is reinforced
by basallocalisation of PIN1 and auxin flow within the provascular trace, and auxin levelsin the trace are maintained by flow from adjacent cells in which PIN1 is
localised laterally.
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trace. Initially, canalisation models predicted low auxin levels in
trace cells (Mitchison, 1980; Rolland-Lagan & Prusinkiewicz,
2005), whereas in Arabidopsis higher auxin response levels (as
detected by DR5 activity) are detected in the trace than in
surrounding cells (Scarpella ezal., 2006). This discrepancy was
resolved when the assumption that different areas of the PM
compete for free PIN1 carriers was incorporated into models
(Feugier ez al., 2005). Alternative models proposed that the auxin
maximum at PO is formed because PIN1 transporters in epidermal
cells of the SAM are positioned laterally and are oriented towards
cells with higher auxin concentration (Jonsson ¢t al., 2006; Smith
et al., 2006). This leads to a convergence point of high auxin that
marks the site of leaf initiation. Shortly after leaf initiation, PIN1
proteins are reoriented to the basal side in some of the high auxin
containing epidermal cells, channelling auxin into the internal cell
layers (Scarpella ez al., 2006; Bayer ez al., 2009). Flux through these
cells reinforces the basal polarity of PIN1 localisation, narrowing
the provascular trace to align with vasculature in the subtending
shoot.

Until recently, models simulating either up the gradient (UTG)
(Jonsson et al., 2006; Smith ez al., 2006; Merks et al., 2007) or with
the flux (WTF) (Stoma eral, 2008) auxin movement failed to
explain both leaf primordium and midvein positioning. For
example, UTG flux could only account for the provascular trace if
subepidermal cells below the auxin maximum at least transiently
exhibited higher auxin levels than the overlying epidermis (Merks
et al., 2007), which has not been observed experimentally (Scarpella
et al., 20006). The first model to simulate both leaf primordium and
midvein positioning whilst accounting for all experimental data,
proposed a combination of UTG and WTF mechanisms (Bayer
eral., 2009) (Fig. 5g). In this dual polarisation model, UTG flux
explained primordium positioning, whereas a combination of both
UTG and WTF explained midvein positioning, with WTF
movement channelling auxin into internal cells of the primordium
and then the provascular trace being narrowed and maintained by
UTG flux from neighbouring cells in which PINT1 is localised
laterally. More recent models explained both processes with a single
flux-based mechanism that is based on antagonistic (canalisation) or
synergistic (convergence) relationships between auxin influx and
efflux carriers within cells — but unknown factors had to be invoked
to explain how veins were guided towards existing vasculature
(Cieslak ez al,, 2015; Hartmann ez al., 2019). Given that epidermal
auxin convergence points were proposed as the trigger for auxin
movement into internal cells (Scarpella ezal, 2006), but recent
experiments revealed that they are neither necessary or sufficient for
midvein formation in Arabidopsis (Govindaraju eral, 2020;
Lavania eral., 2021), unknown components of auxin flux mecha-
nisms obviously exist. In this context, both experimental and
modelling approaches have suggested that mechanical stresses
mediated by microtubule and cellulose microfibril dynamics play a
role in both UTG and WTF movement of auxin, and it is becoming
increasingly clear that the significance of auxin-driven reorientation
of PINI proteins during leaf primordium and midvein formation
needs to be reevaluated in a more complex framework than
previously considered (recently discussed and reviewed in Heisler,
2021; ten Tusscher, 2021; Vernoux ez al., 2021).
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Given that PIN1 polar localisation is associated with both
phyllotactic patterns and midvein positioning, it is important to
understand whether different PIN1 family members have specific
roles. In monocots, auxin flow across the SAM is mediated by Sister-
of-PIN (SoPIN) proteins (O’Connor ez al., 2014, 2017), whereas in
Arabidopsis PIN1 fulfils this role (Reinhardt ezal, 2000, 2003;
Benkova et al, 2003). This distinction is not a monocot—eudicot
difference because SoPIN1 homologues also regulate leaf position-
ing in tomato (Martinez eral, 2016). Instead, it reflects the
evolutionary loss of SoPIN1I genes in the Brassicaceae (including
Arabidopsis) (O’Connor ezal., 2014). Whether it is SoPIN1 or
PIN1 that specifies phyllotactic patterns impacts on how PIN1 is
regulated to specify the midvein. In maize and Brachypodium
distachyon, SoPIN1 expression is associated with leaf positioning,
whereas PINIla expression marks the provascular trace (Carraro
et al., 2006; Gallavotti et al., 2008; Lee et al., 2009; O’Connor et al.,
2014; Johnston ez al., 2015). PIN1aexpression is therefore regulated
solely in the context of venation patterning, whereas the PINI
expression domain in Arabidopsis is dynamically altered between PO
and P1 to facilitate both leaf and midvein positioning (Scarpella
etal., 2006). Interestingly, PINs are not the only example in which
Arabidopsis represents an outlier. For example, mutations in a single
WUSCHEL (WUS)-RELATED HOMEOBOX(WOX) gene perturb
leaf development and vein patterning in the eudicots Medicago
truncatula and Nicotiana sylvestris (Tadege etal, 2011), whereas
mutations in multiple WOX genes are required to perturb leaf
development in Arabidopsis (Z. Zhang etal, 2020; Zhang ez al.,
2020a,b). As such, although many developmental genes required for
leaf venation patterning are best characterised in Arabidopsis, the
regulatory mechanisms identified may not be representative of those
in other angiosperms.

2. Primordium growth and development of the venation
network

Once the midvein position in the leaf primordium has been
established, and elongation and cell division of the associated
procambial cells has begun, the specification of procambial cells
that will form subsequent vein ranks proceeds via two distinct
routes in monocots and eudicots. In monocots, elongated
procambial cells that initiate secondary vein formation appear
with no connection to the midvein or to the stem vasculature,
whereas in eudicots there is a physical connection to the midvein,
which itself is an extension of the stem vasculature. This feature is
extrapolated through all vein ranks such that veins in monocots
initially appear in physical isolation (although they can anastomose
later in development), whereas veins in eudicots appear progres-
sively with tertiary veins extending from secondary veins and so on.
Given these different trajectories, relationships between growth,
axis formation and venation patterning in monocots and eudicots
are discussed separately below.

Patterning in monocot leaves Monocot leaf development is
initiated when KNOTTEDI-like homeobox (KNOX) gene
expression is suppressed at PO (Jackson ez al., 1994; Smith ez al.,
1995) and in maize this process is inhibited when PAT is inhibited
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in cultured shootapices (Scanlon, 2003; reviewed in Conklin ez /.,
2019). Formation of an auxin maximum at PO is therefore
necessary both for positioning new primordia and for inducing the
switch from meristematic (KNOX on) to leaf (KNOX off) cell fate.
As the leaf primordium forms it has inherent adaxial-abaxial
polarity in that it emerges as a flattened structure with the adaxial
side abutting the SAM. Genetic analyses of rolled leaf mutants in
maize and rice revealed that the mechanism of adaxial-abaxial axis
specification is conserved with that first identified in Arabidopsis
(Juarez eral., 2004a,b; Candela ezal., 2008; Zhang et al., 2009,
2021). Briefly, adaxial identity is conferred by HD-ZIP III
transcription factor family members and abaxial identity by both
KANADI transcription factors and microRNA 165/166-mediated
turnover of HD-ZIP III transcripts (Fig. 6a). The HD-ZIP III
genes Rolled] (Rld1) (Juarez et al., 2004a) and LATERAL FLORET
1 (Zhang ez al., 2021) encode the adaxialising factors in maize and
rice respectively, with the KANADI genes Milkweedpodl (Candela
etal., 2008) and SHALLOT-LIKE I encoding the corresponding
abaxialising factors. Loss- and gain-of-function mutations in any of
these genes cause leaf rolling and ectopic positioning of xylem (if
adaxialised) or phloem (in abaxialised) within leaf veins. The
coincidence of rolled leaf and aberrant xylem—phloem phenotypes
in mutant plants suggests that adaxial-abaxial polarity within
monocot leaf veins may be prepatterned by the juxtaposition of
HD-ZIPII and KAN/miR165/166 activity within the initiating
leaf primordium (reviewed in Satterlee & Scanlon, 2019). This
suggestion is supported by the observation that R/41 expression is
restricted to the adaxial leaf domain in maize at P1 (Juarez et al.,
2004a), whereas the HD-ZIP III genes in Arabidopsis are initially
expressed throughout the leaf primordium, only becoming adax-
ialised between P2 and P3 (McConnell efal, 2001). Such a
prepatterning mechanism might be necessary to specify adaxial—
abaxial polarity in monocot leaf veins, because they initiate de novo
in the primordium, whereas eudicot leaf veins extend from the
existing stem and/or leaf vasculature and therefore the adaxial-
abaxial axis is already formed.

Positioning and development of veins in the proximo-distal and
medio-lateral leaf axes is interconnected with growth and cell
divisions in the primordium, the timing of which is best
characterised in maize (Sharman, 1942; Poethig, 1984; Sylvester
et al., 1990; Smith ez al., 1996). Cell divisions occur throughout the
primordium between P2 and P3, with transverse (contributing to
leaf length) and longitudinal (contributing to leaf width) divisions
approximately equal in number and the primordium ovate in shape
(Fig. 6b). During P3, the preligular band develops and divisions
cease at the primordium tip. Divisions become progressively more
restricted to the base through to P7 and by P8 growth is mediated
solely by cell expansion. With respect to vein formation, the files of
elongated procambial cells associated with lateral veins develop
between P2 and P4, extending downwards from the base of the
primordium to connect with the stem vasculature and acropetally
(from base to tip) within the primordium (Carraro ez /., 2006; Lee
etal., 2009; Johnston et al., 2015). Files associated with interme-
diate veins extend basipetally (from tip to base) from P3 to P5, with
rank 1, but not rank 2, intermediates extending beyond the ligule
into the sheath (Russell & Evert, 1985). Patterning of the
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intermediate veins is dependent on PAT, as demonstrated by
sheath-like patterns in maize leaf blades after exposure to PAT
inhibitors at P4/P5 (Tsiantis ez al, 1999) and altered patterns in
rice mutants with reduced auxin transport capacity (Scarpella ez al.,
2002; Qi etal., 2008). By the end of P5, basipetal formation of
transverse veins and anastomoses of veins at the tip and base of the
blade close the striated network. This sequence of events is similar
in other monocots such as wheat (Sharman & Hitch, 1967;
Blackman, 1971), barley (Dannenhoffer & Evert, 1994) and
sugarcane (Colbert & Evert, 1982). Mapping spatial and temporal
patterns of cell division onto leaf vein ontogeny in maize reveals that
both the acropetal extension of lateral veins (therefore length in the
proximo-distal axis) and the number of intermediate veins initiated
(therefore vein spacing in the medio-lateral axis) must be
constrained from late P3 onwards by basipetal movement of the
cell cycle arrest front (Fig. 6¢). The topology of the leaf venation
network could therefore be determined indirectly via coordinated
regulation of cell divisions across the developing primordium, a
scenario that needs experimental validation.

Cell division dynamics can partially explain venation patterns in
monocot leaves but how ground meristem cells in the primordium
become specified to form procambium remains enigmatic. Math-
ematical models have simulated parallel venation patterns using
three parameters: basipetal auxin flux reinforcing auxin levels in a
cell, an auxin sink across the entire leaf base, and a restricted cell
division zone at the base (Fujita & Mochizuki, 2006) (Fig. 6d).
However, this model only simulates the formation of basipetally
developing veins and therefore cannot explain the acropetal
development of lateral veins. Notably, the future position of at
least some lateral veins in maize is predicted by PIN1-marked
provascular traces that form alongside the midvein trace during P1,
extending basipetally from auxin convergence points at the tip of
the primordium (Carraro ez al., 2006; Lee ez al., 2009; Johnston
etal.,2015) (Fig. 6¢). This pattern differs from the one described in
the eudicot model Arabidopsis, in which provascular traces for
secondary veins are not observed until after the midvein has formed,
with the midvein itself proposed to act as the sink to guide auxin
canalisation from convergence points at the leaf margin into
secondary provascular traces (Scarpella ez al., 2006). Together these
observations reinforce the suggestion that the median vein in
monocots is equivalent to a lateral vein, and also invoke the
presence of a prepatterning mechanism in the medio-lateral leaf axis
that imparts competence to respond to auxin in some ground
meristem cells of the P1 primordium and not others, and therefore
determines vein density.

Cells that become specified to form procambium are recognis-
able from neighbouring ground meristem cells by an elongated
shape. We refer to these single cells, that arise de #ovo in monocot
leaf primordia, as procambial initials (Sedelnikova eral, 2018).
Molecular markers of these cells and/or their derivatives are
lacking, the one exception being an HD-Zip II protein
(OsHOX1) that promotes auxin efflux in rice (Scarpella ez al,
2002). Oshox1 is expressed shortly after cells become recognisable
as procambium and expression persists throughout vascular
development (Scarpella ez al., 2000, 2005). The lack of markers

in monocots arises partly because mutants with altered venation
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Fig. 6 Schematicrepresentation of cell division dynamics and vein patterningin monocot leaves. (a) The adaxial-abaxial axis is specified at plastochron 1 (P1) by
expression of HD-ZIP l1l genes adaxially (purple) and miR165/166 and KANADI genes abaxially (orange). Auxin-mediated provascular traces (blue) traverse the
region where the two domains juxtapose, prepatterning the adaxial-abaxial axis in the trace. (b) Cell divisions occur both transversely (vertical red arrows) and
longitudinally (horizontal red arrows) throughout P2/P3 primordia. At P5, the ligule (dashed grey line) is visible and division has ceased at the tip of the blade. All
cells within the sheath and some within the blade divide exclusively in the transverse orientation to increase leaf length. At P7, divisions are restricted to the base
of the sheath. Note that division patterns have not been observed directly in internal leaf tissues but have been deduced from cell lineage analyses (Poethig,
1984) and from direct observation of divisions in the leaf epidermis (Sylvester et al., 1990). (c) The proximo-distal and medio-lateral patterns of lateral
(turquoise), intermediate (pink) and transverse (grey) veinsin the mature leaf results in part as a consequence of the cell division dynamics illustrated in (b). That
is, once divisions cease at the tip of the primordium and divisions in the sheath are exclusively transverse, some of the lateral veins that initiate at the base of the
blade can neither fully extend to the tip of the blade nor extend downwards into the sheath. Similarly, some of the intermediate veins that extend basipetally
cannot initiate at the leaf tip nor extend into the sheath and instead have to start and end closer to the middle of the leaf. This leads to anastomoses at the base
and tip of the blade and therefore to venation patterns that are distinct from those seen in the middle of the blade. (d) The development of a parallel venation
pattern can be simulated with three parameters: basal auxin efflux and reinforcement of auxin levels in cells as a consequence of that flux, an auxin sink and a
restricted cell division zone at the leaf base. Only basipetal vein development can be simulated in this way. (e) Auxin provascular traces (blue) simultaneously
mark the future position of lateral veins at P1. (f) Single procambial initials normally undergo two rounds of asymmetric divisions to yield a group of five cells. The
initial first divides twice longitudinally (once to the left and once to the right) to yield daughter cells that will develop into the sheath cells on the lateral sides of the
vein. The initial then divides twice periclinally to produce daughters that will form the sheath cells above and below the vein. The central cell (dark grey) goes on
to divide and differentiate into xylem and phloem tissues of the vein, defining the procambial lineage. The upper, lower and lateral cells divide to increase the
circumference of the sheath as the vein increases in size. Red lines depict new cell walls following each division round. SAM, shoot apical meristem.

patterns generally have pleiotropic phenotypes, with venation  central cell that defines the vein-forming procambial lineage and

defects secondary to other perturbations (Scarpella ez al., 2003; Qi
eral., 2008; Rizal ez al., 2015). For example, mutations that alter
leaf width lead to an increase (narrow leaves) or decrease (wide
leaves) in vein density across the medio-lateral leaf axis (Smillie
etal., 2012). Despite the lack of molecular markers, cell lineage
and histological analyses have elucidated early ontogenetic events
in maize, rice and other grasses. Briefly, veins and the sheath cells
that surround them develop from procambial initials that are
specified in the innermost layer of the leaf primordium (Langdale
etal., 1989). Most veins develop acropetally or basipetally from a
single file of initials, although veins can be produced from the
coordinated activity of two adjacent initials (Langdale ¢z 4/, 1989;
Bosabalidis ez al., 1994; Sud & Dengler, 2000). In maize, single
initials undergo two rounds of asymmetric divisions to produce a
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four cells that develop into the surrounding sheath cells (Fig. 6f)
(Sharman, 1942; Bosabalidis ez /., 1994). Although some species-
specific differences have been observed, for example bundle sheath
cells in maize are derived from procambial initials, whereas those
in rice are derived from the ground meristem (Sakaguchi &
Fukuda, 2008), the general pattern of divisions is conserved and
the sheath cell layer closest to the vein (bundle sheath in maize but
mestome in rice) develops from procambial initials. At present,
however, it is still unknown how procambial initials are specified
at regular intervals across the medio-lateral leaf axis and whether
the process is the same for cells that are specified for lateral vein
formation at the base of the P1/P2 primordium and cells that are
specified for intermediate vein formation at the tip of the P3/P4
primordium.
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In the next section we assess how the patterning processes
operating in monocots, that is de novo specification of procambium
in the ground meristem of the leaf primordium, prepatterning of
the adaxial-abaxial axis in vascular strands (and therefore the
arrangement of xylem and phloem), midvein-independent induc-
tion of auxin traces for lateral veins (indicative of a further
prepattern in the medio-lateral axis), and constraints on the area of
the venation network imposed by cell division arrest, compared
with those identified in eudicots.

Patterning in eudicot leaves As in monocots, the emergence of
the eudicot leaf primordium is facilitated by polarised expression of
PINI and the repression of KNOX gene expression in a small
cohort of founder cells (Long ezal., 1996; reviewed in Conklin
etral., 2019). PAT inhibitors prevent leaf initiation and local
application of auxin at the site of primordium emergence can
overcome this inhibition (Reinhardt eral, 2000). Also as in
monocots, PAT is similarly involved in midvein positioning and in
secondary and higher vein formation in the leaf, with plants grown
on medium supplemented with PAT inhibitors displaying an
increased number of secondary veins with misaligned vascular cells
files, a phenotype also observed in pin] mutants (Mattsson et al.,
1999; Sieburth, 1999). The increase in secondary vein number is
accompanied by a reduction in the number of higher rank veins
(Huang eral., 2017) revealing a central role for regulated auxin
efflux in leaf vein patterning (see also Ravichandran ezal., 2020;
Lavania et al., 2021).

PINI expression domains (PED) define the position of provas-
cular traces for both the midvein (Fig. 6d) and higher rank veins
(Fig. 7) in Arabidopsis (Scarpella ezal, 2006). Although most
studies have characterised PEDs in cotyledons (which are specified
during embryogenesis) and/or in the first pair of juvenile leaves,
similar PED profiles are seen in adult leaves during the specification
of primary veins (Scarpella ez al., 2006). However, differences are
observed during the specification of second-order veins, consistent
with the more reticulated venation network seen in adult leaves
(Scarpella ezal, 2006). Typically, once the provascular trace
marking the midvein position is formed (Figs 6d, 7a), epidermal
convergence points of PINI expression appear at the leaf margin
concomitantly to a PED (with PINT facing the existing vein) in the
underlying ground tissues; PEDs progress towards the midvein
marking the proximal part of a future vascular loop (Fig. 7a). The
PED then gradually extends in cell files from this lower loop
domain towards the distal midvein, marking the upper domain of
the loop (Fig. 7b). Formation of other secondary vein loops follows
a similar sequence of events but the upper domain connects by a
bipolar cell to an existing distal loop instead of the midvein (Fig. 7¢)
(Scarpella ez al., 2006). Interestingly, recent work has shown that
epidermal accumulation of PINI is dispensable; Arabidopsis
seedlings that lack epidermal PIN1 develop venation patterns
indistinguishable from the wild-type (Govindaraju ezal, 2020).
However, PIN1 presence in the inner tissues is essential for normal
leaf vein development (Govindaraju ez 2/., 2020). Third and higher
rank veins display a different PIN1 profile in that no epidermal
PINI expression is observed; instead expression appears in a single
row of cells starting from an existing PED or mature vein with PIN11
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oriented towards them (Fig. 7d). In this way, a connected PED is
formed that consists of two files of cells with opposite PIN1 polarity
that are connected by a bipolar cell, as in second-order loops
(Scarpella ez al., 2006; Marcos & Berleth, 2014). PIN1-mediated
auxin flux therefore defines the positioning of provascular traces in
both monocot and eudicot leaves, but monocot PEDs that mark
different ranked veins can emerge simultaneously (e.g. for the
midvein and adjacent laterals), suggesting the presence of a
prepatterning mechanism, whereas those in Arabidopsis emerge
progressively with existing PEDs/provascular traces guiding the
position of new ones.

Whereas in monocots our understanding of the molecular
mechanisms that regulate leaf venation patterning is limited to a
role for PIN1 in the specification of provascular traces, studies in
Arabidopsis have elucidated how those early events lead on to the
development of procambium. First, auxin signalling at PIN1
convergence points leads to activation of the MONOPTEROS/
ARF5 (MP) transcription factor, which in turn elevates PINI
expression (Przemeck etal, 1996; Hardtke & Berleth, 1998;
Wenzel etal., 2007). In a second positive feedback loop, PIN1-
mediated canalisation of auxin through a narrow strand of
preprocambial cells further reinforces PINI expression (Sauer
et al., 2006; Scarpella ez al., 2006; Wenzel ez al., 2007). Simulta-
neously, MP induces the expression of ARABIDOPSIS
THALIANA HOMEOBOX 8 (ATHBS), which encodes an HD-
ZIP 111 transcription factor that marks preprocambial cell identity
and stabilises PIN1 localisation (Baima ez 2/, 1995; Mattsson et al.,
2003; Donner ez al., 2009). These markers and others of prepro-
cambial and procambial cells have allowed vascular development in
the Arabidopsis leaf to be described more comprehensively than in
any monocot leaf (Scarpella eral., 2004; Sawchuk ez al., 2007).
Specifically, preprocambial identity is first observed in cells near
existing veins in the middle of the lamina and then extends toward
the leaf margin. Procambium differentiation, recognisable by an
elongated cell shape and expression of the molecular marker
Q0990, then takes place simultaneously along an entire vein
(Mattsson ezal., 1999; Kang & Dengler, 2004; Scarpella ez al.,
2004; Sawchuk etal, 2007; Marcos & Berleth, 2014). Vein
formation in Arabidopsis therefore occurs in three distinct steps:
directional auxin flow through a file of provascular cells from
margin to midvein, directional specification of preprocambium in
that same file but from midvein to margin, and then simultaneous
differentiation of procambium along the whole file.

Although the PIN1/MP/ATHBS feedback loop is an important
component of the venation patterning mechanism in Arabidopsis,
other factors undoubtedly play a role. For example, pinl,3;4;7
quadruple mutants display more perturbed venation patterns than
pinl single mutants, indicating that these other PINs may work
alongside PIN1 (Verna eral., 2019), and AtHB8 gene expression
does not mark preprocambial cells of higher rank veins that form
later in leaf development (Kang & Dengler, 2004). PIN1 also acts
redundantly with PING to inhibit vein formation and vein
connections, with PINT1 driving intercellular and PING driving
intracellular auxin transport. PIN8 further acts redundantly with
PING in both a PIN1-dependent and -independent inhibition

pathway, whereas PIN5 acts oppositely to promote vein formation
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Fig. 7 Prepatterning of secondary and higher rank veinsin Arabidopsis thaliana driven by PIN7 expression domains (PED). (a) After the provascular trace of the
midvein is formed (green), PIN1 convergence points form on the epidermis at the leaf margin (dark blue), simultaneously with PEDs corresponding to the lower
loop of secondary veins. (b) Following the lower loop domain connection to the midvein, an upper loop domain forms from the lower loop domain towards the
distal part of the midvein. (c) Successive loops of second-order veins form with a similar mechanism to that observedin (a, b), with the upper domain connecting
to anotherloop or PED instead of the midvein. (d) Higher rank veins form following new PED extensions from existing PEDs or veins. The direction of the arrows
indicates the polarity of PIN1 and can be used as a proxy to deduce the direction of auxin flow. Adapted from Scarpella et al. (2006) and Marcos & Berleth

(2014).

inaPIN1-independent manner (Sawchuk ez al., 2013; Verna ez al.,
2015). Other known regulators of leaf venation patterning
primarily influence auxin transport/signalling or MP/ATHBS
expression (Koizumi eral, 2000; Petricka eral, 2008). For
example, in accordance with a known role in auxin perception,
tirl,afbl,afb3 triple mutants display a strong venation defect in
primary leaves with an apparent decrease in secondary vein number
(Mazur etal, 2020). Mutations in genes encoding proteins
required for PINI localisation, such as the vesicle trafficking
protein GUANINE-NUCLEOTIDE EXCHANGE FACTOR
FOR ADP-RIBOSYLATION-FACTOR GTPASES (GNOM),
the PH domain protein FORKED1 and the inositol polyphosphate
5'-phosphatase COTYLEDON VASCULAR PATTERN, also
cause vein patterning defects in leaves (Steynen & Schultz, 2003;
Hou ezal., 2010; Verna ez al., 2019). Similarly, loss-of-function
mutations in SCARFACE/VASCULAR NETWORK DEFECTIVE-
3 (SFC/VANS3) disrupt PINT cycling as well as auxin signalling
(Koizumi eral, 2005; Sieburth eral, 2006), leading to the
formation of fragmented veins and discontinuous A 7HB8 expres-
sion (Deyholos ez al., 2000; Koizumi ez al., 2000; Scarpella ez al.,
2006). Auxin-independent components of the regulatory pathway
await discovery, but an extensive collection of mutants affecting
vasculature development in eudicots already exists (reviewed in
Scarpella & Meijer, 2004) and targeted genetic enhancer/suppres-
sor screens and/or biochemical interactor screens could provide
further candidates.

Most mutants with leaf venation defects also display changes
to leaf shape, reflecting the relationship between vein patterning
and the regulation of cell proliferation throughout the leaf
(Petricka eral., 2008). For example, mutations in WOX gene
family members in various eudicot species lead to leaf shape
perturbations, notably a marked reduction in the leaf lamina,
along with disrupted venation patterns (Vandenbussche ezal.,
2009; Tadege eral, 2011). In Arabidopsis, WOX genes have
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been shown to mediate growth of the leaf lamina through
localised induction of YUCCA auxin biosynthetic genes, with
auxin promoting cell proliferation and inhibiting differentiation
(Z. Zhang ez al., 2020; Zhang et al., 2020a,b). In this way, WOX
gene expression profiles in the primordium influence leaf shape
by regulating where and when cell proliferation occurs, and
influence venation patterning by regulating where and when
provascular traces will form. Consistently, continuous addition
of new higher order veins and freely ending veinlets are observed
as long as the leaf is growing (Kang & Dengler, 2004). During
leaf growth, cell division becomes progressively restricted to the
base and ceases completely at the tip, where endoreduplication
causes cell enlargement (Donnelly ez al., 1999). Loss-of-function
mutations in genes encoding the GRAS transcription factors
SHORTROOT (SHR) or SCARECROW (SCR) lead to a
decrease in leaf cell number and to growth defects. Moreover, cell
divisions cease prematurely suggesting that SHR and SCR act
positively on the expression of cell cycle regulators (Dhondt ez al.,
2010). Silencing of such cell cycle regulators is also associated
with altered leaf venation patterns (Kang ezal., 2007; Marrocco
etal., 2009), with increased cell proliferation leading to an
increase in higher order veins and an early cessation of cell
division causing a reduction in vein number (Kang ez al., 2007).
The induction of ectopic cell divisions in procambium and in
ground tissues also perturbs venation patterning, with additional
impacts on auxin responses (Wenzel eral, 2012). Notably,
consistent with its proposed role in cambial cell proliferation and
differentiation (Baima ez al., 2001), ATHBS expression precedes
the expression of core cell cycle genes. This observation
highlights a probable positive feedback loop between the auxin
regulatory network, cell divisions and vascular differentiation
(Kang & Dengler, 2002; Marcos & Berleth, 2014).
Computational analyses have attempted to reproduce the
formation of eudicot leaf venation patterns, with the goal of
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understanding the intricate relationships between cell prolifera-
tion, auxin signalling and the self-organisation of venation patterns.
Two conceptual frameworks have traditionally been used to study
the relationship between auxin and venation patterning;: reaction-
diffusion and canalisation, with computational modelling and
experimental evidence alternatively favouring one or the other.
Reaction-diffusion, based on Turing’s original reaction-diffusion
theory, was initially applied by Meinhardt to the broader concept of
biological patterning (Meinhardt, 1976). The combined action of a
slowly diffusing activator and a fast-diffusing inhibitor can generate
patterns that resemble a reticulated network, albeit quite far from
those observed in Arabidopsis leaves. However, the reaction-
diffusion theory cannot, in its current form, explain how vascular
strands can form de novo after wounding or exogenous auxin
application. By contrast, substantial evidence is available in support
of the canalisation hypothesis that was first proposed by Tsvi Sachs
(Sachs, 1969, 1981) and then computationally elaborated by
Mitchison (Mitchison, 1980, 1981). Canalisation proposes that
auxin transportin a cell is positively regulated by the intensity of the
auxin flux perceived, with cells polarising in the direction of the flux
and therefore draining auxin from a source to a sink in discrete
traces that will correspond to sites of vascular development. In its
original form, the canalisation hypothesis accounted for the
formation of linear veins and branched patterns. However, it could
not explain the relationship between the basipetal movement of
auxin and the acropetal differentiation of the midvein, nor the
formation of closed loops of secondary veins. The former was
addressed by assuming that acropetal development of the midvein
could be sink rather than source-driven and the latter by
introducing discrete sources of auxin or a flux bifurcator (Feugier
eral., 2005; Rolland-Lagan & Prusinkiewicz, 2005). The flux
bifurcator allows the extremity of one vascular trace to be attached
to another, ultimately leading to a continuous auxin flux but it is
notable that, particularly for Feugier’s flux bifurcator model, robust
experimental evidence is lacking. Collectively, there is currently
more support for the canalisation theory than for a reaction-
diffusion based mechanism but, in addition to auxin transport,
other venation patterning models invoke roles for differential organ
growth (Runions ez al., 2005) or for localised auxin biosynthesis
and the action of mechanical forces (Kneuper e al., 2020). As such,
although the core assumptions of the canalisation theory still stand,
the concept of canalisation driven solely by PAT is insufficient to
explain the formation of complex venation networks. To date, the
only models that can simulate both parallel venation in monocots
and reticulate networks in eudicots incorporate the different
growth dynamics observed in monocot and eudicot leaf primordia
(in terms of position and duration of cell divisions), in addition to
discrete sources of auxin production and auxin movement towards
a sink by canalisation (Rolland-Lagan & Prusinkiewicz, 2005;
Feugier & Iwasa, 2000).

V. Future perspectives

Understanding the mechanisms underlying leaf vein formation is
of key importance given the impact of the vascular system on
photosynthetic performance and leaf hydraulic capacity. Because of
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the potential to modify physiological performance, vein patterning
mechanisms have gained much interest in the last few years as
efforts are made to generate more climate-resilient crops that have
optimal photosynthetic rates and efficient distribution networks for
both metabolites and water. Biophysical models have even
attempted to determine which aspects of the leaf venation network
optimise transport function and structural rigidity (Katifori ez al.,
2010; Ronellenfitsch, 2021). Here we provided an overview of the
mechanisms of vascular patterning in extant land plants, with a
particular focus on angiosperms and on key differences between
monocots and eudicots with regard to vein ontogeny and
patterning, and on the role of auxin in these processes. Experi-
mental and computational work highlights the need for a better
understanding of how specification, differentiation, proliferation
and expansion processes are coordinated both within and between
cells of the developing leaf vasculature. Additionally, there is a need
to understand how the spatio-temporal dynamics of auxin
responses regulate the positioning of procambial initials, particu-
larly in monocots in which procambium is specified de novo in the
leaf and there is evidence of a prepatterning mechanism. To this
end, advanced noninvasive techniques for live imaging of monocot
leaf primordia need to be developed and the experimental data used
to train computational models and simulations. Overall, there is
enough evidence to suggest that knowledge gained in eudicots will
only partially explain processes in monocots and therefore focussed
investigations are needed to understand how developmental
mechanisms regulate venation patterns, and therefore physiological
performance, in monocot leaves.

Acknowledgements

We are grateful to Sandy Hetherington and Andy Knoll for insights
into fossil anatomy, and to Barbara Ambrose, Neelima Sinha,
Rafael Cruz, Alejandra Vasco and Teresa Terrazas for discussions
about vascular anatomy in ferns. Three anonymous reviewers
provided extremely constructive comments that greatly improved
the final manuscript. All authors are funded by the C4 Rice Project
Grant (INV-002970) from the Bill & Melinda Gates Foundation
to the University of Oxford.

Author contributions

CP and ST contributed equally to this work.

ORCID

Jane A. Langdale
Chiara Perico

https://orcid.org/0000-0001-7648-3924
https://orcid.org/0000-0003-2150-3013
hetps://orcid.org/0000-0002-7647-9914

Sovanna Tan

References

Anne P, Hardtke CS. 2018. Phloem function and development—biophysics meets
genetics. Current Opinion in Plant Biology 43: 22-28.

Baima S, Nobili F, Sessa G, Lucchetti S, Ruberti I, Morelli G. 1995. The expression
of the A#hb-8 homeobox gene is restricted to provascular cells in Arabidopsis
thaliana. Development 121: 4171-4182.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation


https://orcid.org/0000-0001-7648-3924
https://orcid.org/0000-0001-7648-3924
https://orcid.org/0000-0001-7648-3924
https://orcid.org/0000-0003-2150-3013
https://orcid.org/0000-0003-2150-3013
https://orcid.org/0000-0003-2150-3013
https://orcid.org/0000-0002-7647-9914
https://orcid.org/0000-0002-7647-9914
https://orcid.org/0000-0002-7647-9914

New
Phytologist

Baima S, Possenti M, Matteucci A, Wisman E, Altamura MM, Ruberti I, Morelli G.
2001. The Arabidopsis ATHB-8 HD-zip protein acts as a differentiation-promoting
transcription factor of the vascular meristems. Plant Physiology 126: 643—655.

Balcerowicz M, Shetty KN, Jones AM. 2021. O auxin, where art thou? Nature
Plants 7: 546-547.

Balzan S, Johal GS, Carraro N. 2014. The role of auxin transporters in monocots
development. Frontiers in Plant Science 5: 393.

Banks JA, Nishiyama T, Hasebe M, Bowman JL, Gribskov M, dePamphilis C,
Albert VA, Aono N, Aoyama T, Ambrose BA ¢z al. 2011. The Selaginella genome
identifies genetic changes associated with the evolution of vascular plants. Science
332: 960-963.

Barbez E, Kubes M, Rolcik J, Béziat C, Péncik A, Wang B, Rosquete MR, Zhu J,
Dobrev PI, Lee Y ez al. 2012. A novel putative auxin carrier family regulates
intracellular auxin homeostasis in plants. Nature 485: 119-122.

Barbosa ICR, Hammes UZ, Schwechheimer C. 2018. Activation and polarity
control of PIN-FORMED auxin transporters by phosphorylation. Trends in Plant
Science 23: 523-538.

Barbosa Inés CR, Zourelidou M, Willige Bjorn C, Weller B, Schwechheimer C.
2014. D6 PROTEIN KINASE activates auxin transport-dependent growth and
PIN-FORMED phosphorylation at the plasma membrane. Developmental Cell
29: 674-685.

Bartel B, Fink GR. 1995. ILR1, an amidohydrolase that releases active indole-3-
acetic acid from conjugates. Science 268: 1745-1748.

Bayer EM, Smith RS, Mandel T, Nakayama N, Sauer M, Prusinkiewicz P,
Kuhlemeier C. 2009. Integration of transport-based models for phyllotaxis and
midvein formation. Genes & Development 23: 373-384.

Beck CB, Schmid R, Rothwell GW. 1982. Stelar morphology and the primary
vascular system of seed plants. Botanical Review 48: 691-815.

Benkova E, Michniewicz M, Sauer M, Teichmann T, Seifertova D, Jurgens G,
Friml J. 2003. Local, efflux-dependent auxin gradients as a common module for
plant organ formation. Cel/115: 591-602.

Bennett T, Liu M, Aoyama T, Bierfreund N, Braun M, Coudert Y, Dennis R,
O’Connor D, Wang X, White C ez al. 2014. Plasma membrane-targeted PIN
proteins drive shoot development in a moss. Current Biology 23: 2776-2785.

Blackman E. 1971. The morphology and development of cross veins in the leaves of
bread wheat (7riticum aestivum L.). Annals of Botany 35: 653—665.

Boer D, Freire-Rios A, van den Berg W, Saaki T, Manfield I, Kepinski S, Lopez-
Vidrieo I, Franco-Zorrilla J, de Vries S, Solano R ez al. 2014. Structural basis for
DNA binding specificity by the auxin-dependent ARF transcription factors. Cell
156: 577-589.

de Boer HJ, Eppinga MB, Wassen MJ, Dekker SC. 2012. A critical transition in leaf
evolution facilitated the Cretaceous angiosperm revolution. Nature Communications
3:1221.

Bosabalidis AM, Evert RF, Russin WA. 1994. Ontogeny of the vascular bundles
and contiguous tissues in the maize leaf blade. American Journal of Botany 81:
745-752.

Bower FO. 1908. The origin of a land flora. London, UK: Macmillan.

Bowman JL, Kohchi T, Yamato KT, Jenkins J, Shu S, Ishizaki K, Yamaoka S,
Nishihama R, Nakamura Y, Berger F ez al. 2017. Insights into land plant
evolution garnered from the Marchantia polymorpha genome. Cell171: 287-304.

Bowman JL, Smyth DR. 1999. CRABS CLAW, a gene that regulates carpel and
nectary development in Arabidopsis, encodes a novel protein with zinc finger and
helix loop helix domains. Development 126: 2387-2396.

Boyce CK, Knoll AH. 2002. Evolution of developmental potential and the multiple
independent origins of leaves in Paleozoic vascular plants. Paleobiology28: 70-100.

Brodribb TJ, Feild TS, Sack L. 2010. Viewing leaf structure and evolution from a
hydraulic perspective. Functional Plant Biology 37: 488—498.

Brunoud G, Wells DM, Oliva M, Larrieu A, Mirabet V, Burrow AH, Beeckman T,
Kepinski S, Traas ], Bennett M]J ez al. 2012. A novel sensor to map auxin response
and distribution at high spatio-temporal resolution. Nazure 482: 103—106.

Calderén Villalobos LIA, Lee S, De Oliveira C, Ivetac A, Brandt W, Armitage L,
Sheard LB, Tan XU, Parry G, Mao H ez al. 2012. A combinatorial TIR1/AFB—
Aux/IAA co-receptor system for differential sensing of auxin. Nature Chemical
Biology 8: 477—-485.

Candela H, Johnston R, Gerhold A, Foster T, Hake S. 2008. The milkweed pod1
gene encodes a KANADI protein that is required for abaxial/adaxial patterning in
maize leaves. Plant Cell20: 2073-2087.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation

Tansley review Review' 799

Carraro N, Forestan C, Canova S, Traas J, Varotto S. 2006. ZmPIN1a and
ZmPIN1b encode two novel putative candidates for polar auxin transport and
plant architecture determination of maize. Plant Physiology 142: 254-264.

Cheng Y, Dai X, Zhao Y. 2006. Auxin biosynthesis by the YUCCA flavin
monooxygenases controls the formation of floral organs and vascular tissues in
Arabidopsis. Genes & Development 20: 1790-1799.

Cieslak M, Runions A, Prusinkiewicz P. 2015. Auxin-driven patterning with
unidirectional fluxes. Journal of Experimental Botany 66: 5083-5102.

Colbert JT, Evert RF. 1982. Leaf vasculature in sugarcane (Saccharum officinarum
L.). Planta 156: 136-151.

Conklin PA, StrableJ, Li S, Scanlon MJ. 2019. On the mechanisms of development
in monocot and eudicot leaves. New Phytologist 221: 706-724.

CorvezA, Barriel V, Dubuisson J-Y. 2012. Diversity and evolution of the megaphyll
in Euphyllophytes: phylogenetic hypotheses and the problem of foliar organ
definition. Compres Rendus Palevol 11: 403—418.

Dannenhoffer JM, Evert RF. 1994. Development of the vascular system in the leaf
of barley (Hordeum vulgareL.). International Journal of Plant Sciences 155: 143—
157.

Davies RT, Goetz DH, Lasswell ], Anderson MN, Bartel B. 1999. /AR3 encodes an
auxin conjugate hydrolase from Arabidopsis. Plant Cel[11: 365-376.

De Rybel B, Mahonen AP, Helariutta Y, Weijers D. 2016. Plant vascular
development: from early specification to differentiation. Nature Reviews
Molecular Cell Biology 17: 30—40.

Deyholos MK, Cordner G, Beebe D, Sieburth LE. 2000. The SCARFACE gene is
required for cotyledon and leaf vein patterning. Development 127: 3205-3213.

Dharmasiri N, Dharmasiri S, Estelle M. 2005. The F-box protein TIR1 is an auxin
receptor. Nature 435: 441-445.

Dhondt S, Coppens F, De Winter F, Swarup K, Merks RM, Inze D, Bennett MJ,
Beemster GT. 2010. SHORT-ROOT and SCARECROW regulate leaf growth
in Arabidopsis by stimulating S-phase progression of the cell cycle. Plant
Physiology 154: 1183-1195.

Ding Z, Wang B, Moreno I, Duplakova N, Simon S, Carraro N, Reemmer J,
Péncik A, Chen XU, Tejos R ez al. 2012. ER-localized auxin transporter PIN8
regulates auxin homeostasis and male gametophyte development in Arabidopsis.
Nature Communications 3: 941.

Donnelly PM, Bonetta D, Tsukaya H, Dengler RE, Dengler NG. 1999. Cell
cycling and cell enlargement in developing leaves of Arabidopsis. Developmental
Biology 215: 407-419.

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

Dos Santos Maraschin F, Memelink J, Offringa R. 2009. Auxin-induced,
SCFTIR1-mediated poly-ubiquitination marks AUX/IAA proteins for
degradation. The Plant Journal59: 100-109.

Esau K. 1965. Plant anatomy. New York, NY, USA: John Wiley & Sons Inc.

Eshed Y, Izhaki A, Baum SF, Floyd SK, Bowman JL. 2004. Asymmetric leaf
development and blade expansion in Arabidopsis are mediated by KANADI and
YABBY activities. Development 131: 2997-3006.

Feugier FG, Iwasa Y. 2006. How canalization can make loops: a new model of
reticulated leaf vascular pattern formation. Journal of Theoretical Biology 243:
235-244.

Feugier FG, Mochizuki A, Iwasa Y. 2005. Self-organization of the vascular system in
plant leaves: inter-dependent dynamics of auxin flux and carrier proteins. Journal
of Theoretical Biology 236: 366-375.

Fischer U, Kucukoglu M, Helariutta Y, Bhalerao RP. 2019. The dynamics of
cambial stem cell activity. Annual Review of Plant Biology 70: 293-319.

Fladung M. 1994. Genetic variants of Panicum maximum (Jacq.) in C4
photosynthetic traits. Journal Plant Physiology 143: 165-172.

Flores-Sandoval E, Eklund DM, Bowman JL. 2015. A simple auxin transcriptional
response system regulates multiple morphogenetic processes in the liverwort
Marchantia polymorpha. PLoS Genetics 11: €1005207.

Floyd SK, Bowman JL. 2006. Distinct developmental mechanisms reflect the
independent origins of leaves in vascular plants. Current Biology 16: 1911-1917.

Fujita H, Mochizuki A. 2006. The origin of the diversity of leaf venation pattern.
Developmental Dynamics 235: 2710-2721.

Fukuda H, Hardtke CS. 2020. Peptide signaling pathways in vascular
differentiation. Plant Physiology 182: 1636-1644.

New Phytologist (2022) 234: 783-803
www.newphytologist.com



800 Review Tansley review

Furuta KM, Hellmann E, Helariutta Y. 2014. Molecular control of cell
specification and cell differentiation during procambial development. Annual
Review of Plant Biology 65: 607—638.

Gallavotti A, Yang Y, Schmidt R], Jackson D. 2008. The relationship between
auxin transport and maize branching. Plant Physiology 147: 1913-1923.

Galvan-Ampudia CS, Cerutti G, Legrand J, Brunoud G, Martin-Arevalillo R,
Azais R, Bayle V, Moussu S, Wenzl C, Jaillais Y ez 2/ 2020. Temporal integration
of auxin information for the regulation of patterning. eLife 9: €55832.

Gao C, LiuX, De Storme N, Jensen KH, Xu Q, YangJ, Liu X, Chen S, Martens H]J,
Schulz A e al. 2020. Directionality of plasmodesmata-mediated transport in
Arabidopsis leaves supports auxin channeling. Current Biology 30: 1970-1977.

Geisler M, Blakeslee JJ, Bouchard R, Lee OR, Vincenzetti V, Bandyopadhyay A,
Titapiwatanakun B, Peer WA, Bailly A, Richards EL ez 2l 2005. Cellular efflux
of auxin catalyzed by the Arabidopsis MDR/PGP transporter AtPGP1. The Plant
Journal 44: 179-194.

Goldsmith MH, Cataldo DA, Karn J, Brenneman T, Trip P. 1974. The rapid non-
polar transport of auxin in the phloem of intact Coleus plants. Planta 116: 301—
317.

Govindaraju P, Verna C, Zhu T, Scarpella E. 2020. Vein patterning by tissue-
specific auxin transport. Development 14. doi: 10.1242/dev.187666.

Gray WM, Kepinski S, Rouse D, Leyser O, Estelle M. 2001. Auxin regulates
SCFTIR1-dependent degradation of AUX/IAA proteins. Nature414: 271-276.

Hagen G, Martin G, Li Y, Guilfoyle TJ. 1991. Auxin-induced expression of the
soybean GH3 promoter in transgenic tobacco plants. Plant Molecular Biology 17:
567-579.

Han X, Hyun TK, Zhang M, Kumar R, Koh EJ, Kang BH, Lucas WJ, Kim JY.
2014. Auxin-callose-mediated plasmodesmal gating is essential for tropic auxin
gradient formation and signaling. Developmental Cell 28: 132—-146.

Hardtke CS, Berleth T. 1998. The Arabidopsis gene MONOPTEROS encodes a
transcription factor mediating embryo axis formation and vascular development.
EMBO Journal17: 1405-1411.

Haritatos E, Ayre BG, Turgeon R. 2000. Identification of phloem involved in
assimilate loading in leaves by the activity of the galactinol synthase promoter.
Plant Physiology 123: 929-937.

Harrison CJ, Corley SB, Moylan EC, Alexander DL, Scotland RW, Langdale JA.
2005. Independent recruitment of a conserved developmental mechanism during
leaf evolution. Nature 434: 509-514.

Harrison CJ, Morris JL. 2018. The origin and early evolution of vascular plant
shoots and leaves. Philosophical Transactions of the Royal Society of London Series B:
Biological Sciences 373: doi: 10.1098/rstb.2016.0496.

Hartmann FP, Barbier de Reuille P, Kuhlemeier C. 2019. Toward a 3D model of
phyllotaxis based on a biochemically plausible auxin-transport mechanism. PLoS
Computational Biology 15: ¢1006896.

Heisler MG. 2021. Integration of core Mechanisms underlying plant aerial
architecture. Frontiers in Plant Science 12. doi: 10.3389/fpls.2021.786338.

Heisler MG, Ohno C, Das P, Sieber P, Reddy GV, Long JA, Meyerowitz EM.
2005. Patterns of auxin transport and gene expression during primordium
development revealed by live imaging of the Arabidopsis inflorescence meristem.
Current Biology 15: 1899-1911.

Hellmann E, Ko D, Ruonala R, Helariutta Y. 2018. Plant vascular tissues-
connecting tissue comes in all shapes. Plants 7: 109.

Herud-Sikimi¢ O, Stiel AC, Kolb M, Shanmugaratnam S, Berendzen KW,
Feldhaus C, Hocker B, Jirgens G. 2021. A biosensor for the direct visualization
of auxin. Nature 592: 768-772.

Hickey LJ. 1973. Classification of architecture of dicotyledonous leaves. American
Journal of Borany 60: 17-33.

Hou H, Erickson J, Meservy ], Schultz EA. 2010. FORKED 1 encodes a PH domain
protein that is required for PIN1 localization in developing leaf veins. The Plant
Journal 63: 960-973.

Huang CF, Yu CP, Wu YH, Lu MJ, Tu SL, Wu SH, Shiu SH, Ku MSB, Li WH.
2017. Elevated auxin biosynthesis and transport underlie high vein density in C4
leaves. Proceedings of the National Academy of Sciences, USA 114: E6884-E6891.

Jackson D, Veit B, Hake S. 1994. Expression of maize Knotted1 related homeobox
genes in the shoot apical meristem predicts patterns of morphogenesis in the
vegetative shoot. Development 120: 404—413.

Johnston R, Leiboff S, Scanlon M]J. 2015. Ontogeny of the sheathing leaf base in
maize (Zea mays). New Phytologist 205: 306-315.

New Phytologist (2022) 234: 783-803
www.newphytologist.com

New
Phytologist

Jonsson H, Heisler MG, Shapiro BE, Meyerowitz EM, Mjolsness E. 2006. An
auxin-driven polarized transport model for phyllotaxis. Proceedings of the National
Academy of Sciences, USA 103: 1633-1638.

Juarez MT, Kui JS, Thomas J, Heller BA, Timmermans MC. 2004a. microRNA-
mediated repression of rolled leaf] specifies maize leaf polarity. Nature 428: 84—
88.

Juarez MT, Twigg RW, Timmermans MCP. 2004b. Specification of adaxial cell
fate during maize leaf development. Development 131: 4533-4544.

Kamimoto Y, Terasaka K, Hamamoto M, Takanashi K, Fukuda S, Shitan N,
Sugiyama A, Suzuki H, Shibata D, Wang B et a/. 2012. Arabidopsis ABCB21 isa
facultative auxin importer/exporter regulated by cytoplasmic auxin
concentration. Plant and Cell Physiology 53: 2090-2100.

Kang J, Dengler N. 2002. Cell cycling frequency and expression of the
homeobox gene ATHB-8 during leaf vein development in Arabidopsis. Planta
216: 212-219.

Kang J, Dengler N. 2004. Vein pattern development in adult leaves of Arabidopsis
thaliana. International Journal of Plant Sciences 165: 231-242.

Kang J, Mizukami Y, Wang H, Fowke L, Dengler NG. 2007. Modification of cell
proliferation patterns alters leaf vein architecture in Arabidopsis thaliana. Planta
226: 1207-1218.

Kasahara H. 2016. Current aspects of auxin biosynthesis in plants. Bioscience
Biotechnology Biochemistry 80: 34—42.

Katifori E, Szoll6si GJ, Magnasco MO. 2010. Damage and fluctuations induce
loops in optimal transport networks. Physical Review Letters 104. doi: 10.1103/
PhysRevLett.104.048704.

Kato H, Ishizaki K, Kouno M, Shirakawa M, Bowman JL, Nishihama R, Kohchi
T. 2015. Auxin-mediated transcriptional system with a minimal set of
components is critical for morphogenesis through the life cycle in Marchantia
polymorpha. PLoS Genetics 11: €1005084.

Kenrick P, Crane PR. 1997. The origin and early diversification of land plants: a
cladistic study. London, UK: Smithsonian Institution Press.

Kepinski S, Leyser O. 2005. The Arabidopsis F-box protein TIRI is an auxin
receptor. Nature 435: 446-451.

Kidston R, Lang WH. 1917. On old red sandstone plants showing structure
from the Rhynie Chert bed Aberdeenshire Part I. Rhynia Gwynne-Vaughani,
Kidston and Lang. Transactions of the Royal Society of Edinburgh 51: 761—
784.

Kidston R, Lang WH. 1920. On old red sandstone plants showing structure from
the Rhynie Chert bed Aberdeenshire PART III Asteroxylon mackiei. Transactions
Royal Society of Edinburgh 52: 643—680.

Kleine-Vehn J, Dhonukshe P, Sauer M, Brewer PB, Wisniewska J, Paciorek T,
Benkova E, Friml J. 2008. ARF GEF-dependent transcytosis and polar delivery of
PIN auxin carriers in Arabidopsis. Current Biology 18: 526-531.

Kleine-Vehn J, Wabnik K, Martiniere A, Langowski £, Willig K, Naramoto S,
Leitner ], Tanaka H, Jakobs S, Robert S ez 4l 2011. Recycling, clustering, and
endocytosis jointly maintain PIN auxin carrier polarity at the plasma membrane.
Molecular Systems Biology 7: 540.

Kneuper I, Teale W, Dawson JE, Tsugeki R, Katifori E, Palme K, Ditengou FA.
2020. Auxin biosynthesis and cellular efflux act together to regulate leaf vein
patterning. Journal of Experimental Botany72: 1151-1165.

Koizumi K, Naramoto S, Sawa S, Yahara N, Ueda T, Nakano A, Sugiyama M,
Fukuda H. 2005. VAN3 ARF-GAP-mediated vesicle transport is involved in leaf
vascular network formation. Development 132: 1699-1711.

Koizumi K, Sugiyama M, Fukuda H. 2000. A series of novel mutants of Arabidopsis
thalianathatare defective in the formation of continuous vascular network: calling
the auxin signal flow canalization hypothesis into question. Development 127:
3197-3204.

Korasick DA, Westfall CS, Lee SG, Nanao MH, Dumas R, Hagen G, Guilfoyle T},
Jez JM, Strader LC. 2014. Molecular basis for AUXIN RESPONSE FACTOR
protein interaction and the control of auxin response repression. Proceedings of the
National Academy of Sciences, USA111: 5427.

Kubes M, Yang H, Richter GL, Cheng Y, Mlodzifiska E, Wang X, Blakeslee JJ,
Carraro N, Petrasek J, Zazimalova E et al. 2012. The Arabidopsis concentration-
dependent influx/efflux transporter ABCB4 regulates cellular auxin levels in the
root epidermis. 7he Plant Journal 69: 640-654.

Langdale JA, Lane B, Freeling M, Nelson T. 1989. Cell lineage analysis of maize
bundle sheath and mesophyll cells. Developmental Biology 133: 128—139.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation


https://doi.org/10.1242/dev.187666
https://doi.org/10.1098/rstb.2016.0496
https://doi.org/10.3389/fpls.2021.786338
https://doi.org/10.1103/PhysRevLett.104.048704
https://doi.org/10.1103/PhysRevLett.104.048704

New
Phytologist

Lavania D, Linh NM, Scarpella E. 2021. Of cells, strands, and networks: auxin and
the patterned formation of the vascular system. Cold Spring Harbor Perspectives in
Biology 13: 2039958.

Lavy M, Estelle M. 2016. Mechanisms of auxin signaling. Development 143: 3226~
3229.

Lee BH, Johnston R, Yang Y, Gallavotti A, Kojima M, Travencolo BA, Costa Lda
F, Sakakibara H, Jackson D. 2009. Studies of aberrant phyllotaxyl mutants of
maize indicate complex interactions between auxin and cytokinin signaling in the
shoot apical meristem. Plant Physiology 150: 205-216.

Lewis DR, Wu G, Ljung K, Spalding EP. 2009. Auxin transport into cotyledons
and cotyledon growth depend similarly on the ABCB19 multidrug resistance-like
transporter. The Plant Journal 60: 91-101.

Leyser O. 2018. Auxin signaling. Plant Physiology 176: 465—479.

Liao CY, Smet W, Brunoud G, Yoshida S, Vernoux T, Weijers D. 2015. Reporters
for sensitive and quantitative measurement of auxin response. Nature Methods12:
1098.

Ligrone R, Duckett JG, Renzaglia KS. 2012. Major transitions in the evolution of
early land plants: a bryological perspective. Annals of Botany 109: 851-871.

Long JA, Moan EI, Medford JI, Barton MK. 1996. A member of the KNOTTED
class of homeodomain proteins encoded by the STM gene of Arabidopsis. Nature
379: 66-69.

Lépez-Salmern V, Cho H, Tonn N, Greb T. 2019. The phloem as a mediator of
plant growth plasticity. Current Biology 29: R173-R181.

Lucas WJ, Groover A, Lichtenberger R, Furuta K, Yadav SR, Helariutta Y, He XQ,
Fukuda H, Kang J, Brady SM et al. 2013. The plant vascular system: evolution,
development and functions. Journal Integrative Plant Biology 55: 294-388.

Ludwig-Muller J. 2011. Auxin conjugates: their role for plant development and in
the evolution of land plants. Journal of Experimental Botany 62: 1757—1773.

Ludwig-Muller ], Julke S, Bierfreund NM, Decker EL, Reski R. 2009. Moss
(Physcomitrella patens) GH3 proteins act in auxin homeostasis. New Phytologist
181: 323-338.

Marcos D, Berleth T. 2014. Dynamic auxin transport patterns preceding vein
formation revealed by live-imaging of Arabidopsis leaf primordia. Frontiers Plant
Science 5: 235.

Marrocco K, Thomann A, Parmentier Y, Genschik P, Criqui MC. 2009. The APC/
C E3 ligase remains active in most post-mitotic Arabidopsis cells and is required
for proper vasculature development and organization. Development 136: 1475—
1485.

Martinez CC, Koenig D, Chitwood DH, Sinha NR. 2016. A sister of PIN1 gene in
tomato (Solanum lycopersicum) defines leaf and flower organ initiation patterns by
maintaining epidermal auxin flux. Developmental Biology 419: 85-98.

Mattsson J, Ckurshumova W, Berleth T. 2003. Auxin signaling in Arabidopsis leaf
vascular development. Plant Physiology 131: 1327-1339.

Mattsson J, Sung ZR, Berleth T. 1999. Responses of plant vascular systems to auxin
transport inhibition. Development 126: 2979-2991.

Mazur E, Kulik I, Hajny J, Friml J. 2020. Auxin canalization and vascular tissue
formation by TIR1/AFB-mediated auxin signaling in Arabidopsis. New
Phytologist 226: 1375-1383.

McConnell JR, Emery J, Eshed Y, Bao N, Bowman J, Barton MK. 2001. Role of
PHABULOSA and PHAVOLUTA in determining radial patterning in shoots.
Nature411: 709-713.

Meinhardt H. 1976. Morphogenesis of lines and nets. Differentiation 6: 117—-123.

Merks RM, Van de Peer Y, Inze D, Beemster GT. 2007. Canalization without flux
sensors: a traveling-wave hypothesis. Trends in Plant Science 12: 384-390.

Mitchison GJ. 1980. Model for vein formation in higher-plants. Proceedings of the
Royal Society Series B: Biological Sciences 207: 79-109.

Mitchison GJ. 1981. The polar transport of auxin and vein patterns in plants.
Philosophical Transactions of the Royal Society of London. Series B: Biological Sciences
295: 461-471.

Mittag J, Gabrielyan A, Ludwig-Miiller J. 2015. Knockout of GH3 genes in the
moss Physcomitrella patensleads to increased TAA levels at elevated temperature
and in darkness. Plant Physiology & Biochemistry 97: 339-349.

Mravec], Skﬁpa P, Bailly A, Hoyerova K, Krecek P, Bielach A, Petrasek J, Zhang],
Gaykova V, Stierhof Y-D ez al. 2009. Subcellular homeostasis of phytohormone
auxin is mediated by the ER-localized PINS transporter. Nature459: 1136-1140.

Mutte SK, Kato H, Rothfels C, Melkonian M, Wong GK-S, Weijers D. 2018.
Origin and evolution of the nuclear auxin response system. eLife 7: €33399.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation

Tansley review Review 801

Nelson T, Dengler N. 1997. Leaf vascular pattern formation. Plans Cell9: 1121—
1135.

Nicotra AB, Leigh A, Boyce CK, Jones CS, Niklas KJ, Royer DL, Tsukaya H.2011.
The evolution and functional significance of leaf shape in the angiosperms.
Functional Plant Biology 38: 535-552.

Nishimura T, Hayashi K, Suzuki H, Gyohda A, Takaoka C, Sakaguchi Y,
Matsumoto S, Kasahara H, Sakai T, Kato J ez al 2014. Yucasin is a potent
inhibitor of YUCCA, a key enzyme in auxin biosynthesis. The Plant Journal77:
352-30606.

Noh B, Murphy AS, Spalding EP. 2001. Multidrug resistance-like genes of
Arabidopsis required for auxin transport and auxin-mediated development. Plant
Cell 13: 2441-2454.

Normanly J, Cohen JD, Fink GR. 1993. Arabidopsis thaliana auxotrophs reveal a
tryptophan-independent biosynthetic pathway for indole-3-acetic acid.
Proceedings of the National Academy of Sciences, USA 90: 10355-10359.

O’Connor DL, Elton S, Ticchiarellin F, Hsia MM, Vogel JP, Leyser O. 2017.
Cross-species functional diversity within the PIN auxin efflux protein family. eLife
6: ¢31804.

O’Connor DL, Runions A, Sluis A, Bragg J, Vogel JP, Prusinkiewicz P, Hake S.
2014. A division in PIN-mediated auxin patterning during organ initiation in
grasses. PLoS Computational Biology 10: e1003447.

Ohashi-Ito K, Fukuda H. 2020. Transcriptional networks regulating root vascular
development. Current Opinion Plant Biology 57: 118-123.

Parihar NS. 1966. An introduction to embryophyta: volume 2 pteridophytes.
Allahabad, India: Central Book Depot.

Peret B, Swarup K, Ferguson A, Seth M, Yang Y, Dhondt S, James N, Casimiro I,
Perry P, Syed A ez al. 2012. AUX/LAX genes encode a family of auxin influx
transporters that perform distinct functions during Arabidopsis development.
Plant Cell24: 2874-2885.

Petrasek J, FrimlJ. 2009. Auxin transport routes in plant development. Development
136: 2675-2688.

Petricka]J, Clay NK, Nelson TM. 2008. Vein patterning screens and the defectively
organized tributaries mutants in Arabidopsis thaliana. The Plant Journal56: 251—
263.

Poethig RS. 1984. Cellular parameters of leaf morphogenesis in maize and tobacco.
In: White RA, Dickison WC, eds. Contemporary problems in plant anatomy.
Orlando, FL, USA: Academic Press, 235-259.

Prigge MJ, Clarke SE. 2006. Evolution of the class IIl HD-Zip gene family in land
plants. Evolution and Development 8: 350-361.

Prigge M], Lavy M, Ashton NW, Estelle M. 2010. Physcomitrella patens auxin-
resistant mutants affect conserved elements of an auxin-signaling pathway.
Current Biology 20: 1907-1912.

Przemeck GK, Mattsson J, Hardtke CS, Sung ZR, Berleth T. 1996. Studies on the
role of the Arabidopsis gene MONOPTEROS in vascular development and plant
cell axialization. Planta 200: 229-237.

Qi]J, Qian Q,BuQ, LiS, Chen Q, SunJ, Liang W, Zhou Y, Chu C, Li X ez 2/. 2008.
Mutation of the rice Narrow leafl gene, which encodes a novel protein, affects vein
patterning and polar auxin transport. Plant Physiology 147: 1947-1959.

Rao SA, Mengesha MH, Reddy CR. 1988. Characteristics, inheritance, and
allelic relationships of midribless mutants in pearl millet. Journal of Heredity
79: 18-20.

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

Reinhardt D, Mandel T, Kuhlemeier C. 2000. Auxin regulates the initiation and
radial position of plant lateral organs. Plant Cell12: 507-518.

Reinhardt D, Pesce ER, Stieger P, Mandel T, Baltensperger K, Bennett M, Traas ],
Friml J, Kuhlemeier C. 2003. Regulation of phyllotaxis by polar auxin transport.
Nature 426: 255-260.

Rennie EA, Turgeon R. 2009. A comprehensive picture of phloem loading
strategies. Proceedings of the National Academy of Sciences, USA 106: 14162~
14167.

Rensing SA, Lang D, Zimmer AD, Terry A, Salamov A, Shapiro H, Nishiyama T,
Perroud PF, Lindquist EA, Kamisugi Y ez al. 2008. The Physcomitrella genome
reveals evolutionary insights into the conquest of land by plants. Science319: 64—
69.

Richardson AE, Sluis A, Hake S. 2020. The Hoja local mutant and AUX/IAA
function in maize. bioRxiv doi: 10.1101/2020.03.27.012211.

New Phytologist (2022) 234: 783-803
www.newphytologist.com


https://doi.org/10.1101/2020.03.27.012211

802 Review Tansley review

Rizal G, Thakur V, Dionora J, Karki S, Wanchana S, Acebron K, Larazo N, Garcia
R, Mabilangan A, Montecillo F ez al. 2015. Two forward genetic screens for vein
density mutants in sorghum converge on a cytochrome P450 gene in the
brassinosteroid pathway. The Plant Journal 84: 257-266.

Rolland-Lagan A-G, Prusinkiewicz P. 2005. Reviewing models of auxin
canalization in the context of leaf vein pattern formation in Arabidopsis. The Plant
Journal 44: 854-865.

Romano CP, Hein MB, Klee H]J. 1991. Inactivation of auxin in tobacco
transformed with the indoleacetic acid-lysine synthetase gene of Pseudomonas
savastanoi. Genes & Development 5: 438—446.

Ronellenfitsch H. 2021. Optimal elasticity of biological networks. Physical Review
Letters 126. doi: 10.1103/PhysRevLett.126.038101.

Roth-Nebelsick A, Uhl D, Mosbrugger V, Kerp H. 2001. Evolution and function
of leaf venation architecture: a review. Annals of Botany 87: 553—566.

Rothwell GW, Wyatt SE, Tomescu AM. 2014. Plant evolution at the interface of
paleontology and developmental biology: an organism-centered paradigm.
American Journal of Botany 101: 899-913.

Runions A, Fuhrer M, Lane B, Federl P, Rolland-Lagan A-G, Prusinkiewicz P.
2005. Modeling and visualization of leaf venation patterns. ACM Transactions on
Graphics 24: 702-711.

Runions A, Tsiantis M, Prusinkiewicz P. 2017. A common developmental program
can produce diverse leaf shapes. New Phytologist 216: 401-418.

Russell SH, Evert RF. 1985. Leaf vasculature in Zea mays L. Planta 164: 448—458.

Sachs T. 1969. Polarity and the induction of organized vascular tissues. Annals of
Botany 33: 263-275.

Sachs T. 1981. The control of the patterned differentiation of vascular tissues.
Advances in Botanical Research 9: 151-262.

Sack L, Scoffoni C. 2013. Leaf venation: structure, function, development,
evolution, ecology and applications in the past, presentand future. New Phytologist
198: 983-1000.

Sakaguchi J, Fukuda H. 2008. Cell differentiation in the longitudinal veins and
formation of commissural veins in rice (Oryza sativa) and maize (Zea mays).
Journal of Plant Research 121: 593-602.

Satterlee JW, Scanlon MJ. 2019. Coordination of leaf development across
developmental axes. Plants 8: 433.

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

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

Sawchuk MG, Head P, Donner TJ, Scarpella E. 2007. Time-lapse imaging of
Arabidopsis leaf development shows dynamic patterns of procambium formation.
New Phytologist 176: 560-571.

Scanlon MJ. 2003. The polar auxin transport inhibitor N-1-naphthylphthalamic
acid disrupts leaf initiation, KNOX protein regulation, and formation of leaf
margins in maize. Plant Physiology 133: 597-605.

Scarpella E, Barkoulas M, Tsiantis M. 2010. Control of leaf and vein development
by auxin. Cold Spring Harbor Perspectives in Biology 2: 2001511.

Scarpella E, Boot KJ, Rueb S, Meijer AH. 2002. The procambium specification
gene Oshox] promotes polar auxin transport capacity and reduces its sensitivity
toward inhibition. Plant Physiology 130: 1349-1360.

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

Scarpella E, Marcos D, Friml J, Berleth T. 2006. Control of leaf vascular patterning
by polar auxin transport. Genes & Development 20: 1015-1027.

Scarpella E, Meijer AH. 2004. Pattern formation in the vascular system of monocot
and dicot plant species. New Phytologist 164: 209-242.

Scarpella E, Rueb S, Boot K], Hoge JH, Meijer AH. 2000. A role for the rice
homeobox gene OshoxI in provascular cell fate commitment. Development 127:
3655-3669.

Scarpella E, Rueb S, Meijer AH. 2003. The RADICLELESSI gene is required for
vascular pattern formation in rice. Development 130: 645-658.

Scarpella E, Simons EJ, Meijer AH. 2005. Multiple regulatory elements contribute
to the vascular-specific expression of the rice HD-Zip gene Oshox1 in Arabidopsis.
Plant Cell Physiology 46: 1400—-1410.

New Phytologist (2022) 234: 783-803
www.newphytologist.com

New
Phytologist

Schuetz M, Smith R, Ellis B. 2012. Xylem tissue specification, patterning, and
differentiation mechanisms. Journal of Experimental Botany 64: 11-31.

Sedelnikova OV, Hughes TE, Langdale JA. 2018. Understanding the genetic basis
of C4 Kranz anatomy with a view to engineering C; crops. Annual Review of
Genetics 52: 249-270.

Sharman B. 1942. Developmental anatomy of the shoot of Zea mays L. Annals of
Botany 6: 245-284.

Sharman BC, Hitch PA. 1967. Initiation of procambial strands in leaf primordia of
bread wheat, Triticum aestivum L. Annals of Botany 31: 229-243.

Sieburth LE. 1999. Auxin is required for leaf vein pattern in Arabidopsis. Plant
Physiology 121: 1179-1190.

Sieburth LE, Muday GK, King EJ, Benton G, Kim S, Metcalf KE, Meyers L,
Seamen E, Van Norman JM. 2006. SCARFACE encodes an ARF-GAP that is
required for normal auxin efflux and vein patterning in Arabidopsis. Plant Cel/18:
1396-1411.

Simon S, Skupa P, Viaene T, Zwiewka M, Tejos R, Klima P, Carna M, Rolcik J, De
Rycke R, MorenoI ez al. 2016. PING auxin transporter at endoplasmic reticulum
and plasma membrane mediates auxin homeostasis and organogenesis in
Arabidopsis. New Phytologist 211: 65-74.

Skalicky V, Kubes M, Napier R, Novak O. 2018. Auxins and cytokinins-the role of
subcellular organization on homeostasis. International Journal Molecular Science
19: 3115.

Smillie IR, Pyke KA, Murchie EH. 2012. Variation in vein density and mesophyll
cell architecture in a rice deletion mutant population. Journal Experimental Botany
63: 4563—4570.

Smith LG, Hake S, Sylvester AW. 1996. The tangled-1 mutation alters cell division
orientations throughout maize leaf development without altering leaf shape.
Development 122: 481.

Smith LG, Jackson D, Hake S. 1995. Expression of knotted] marks shoot
meristem formation during maize embryogenesis. Developmental Genetics 16:
344-348.

Smith RS, Guyomarc’h S, Mandel T, Reinhardt D, Kuhlemeier C, Prusinkiewicz
P. 2006. A plausible model of phyllotaxis. Proceedings of the National Academy of
Sciences, USA103: 1301-1306.

Spiess GM, Hausman A, Yu P, Cohen JD, Rampey RA, Zolman BK. 2014. Auxin
input pathway disruptions are mitigated by changes in auxin biosynthetic gene
expression in Arabidopsis. Plant Physiology 165: 1092—-1104.

Staswick PE, Serban B, Rowe M, Tiryaki I, Maldonado MT, Maldonado MC, Suza
W. 2005. Characterization of an Arabidopsis enzyme family that conjugates
amino acids to indole-3-acetic acid. Plant Cell 17: 616-627.

Steeves TA, Sussex IM. 1989. Patterns in plant development. Cambridge, UK:
Cambridge University Press.

Stepanova AN, Robertson-Hoyt J, Yun J, Benavente LM, Xie DY, Dolezal K,
Schlereth A, Jurgens G, Alonso JM. 2008. TAA1-mediated auxin biosynthesis is
essential for hormone crosstalk and plant development. Cel//133: 177-191.

Stepanova AN, Yun J, Robles LM, Novak O, He W, Guo H, Ljung K, Alonso JM.
2011. The Arabidopsis YUCCAL1 flavin monooxygenase functions in the indole-
3-pyruvic acid branch of auxin biosynthesis. Plant Cell23: 3961-3973.

Steynen QJ, Schultz EA. 2003. The FORKED genes are essential for distal vein
meeting in Arabidopsis. Development 130: 4695—4708.

Stoma S, Lucas M, Chopard ], Schaedel M, Traas J, Godin C. 2008. Flux-based
transport enhancement as a plausible unifying mechanism for auxin transport in
meristem development. PLoS Computational Biology 4: €1000207.

Strable J, Wallace ]G, Unger-Wallace E, Briggs S, Bradbury PJ, Buckler ES,
Vollbrecht E. 2017. Maize YABBY genes drooping leaf] and drooping leaf2
regulate plant architecture. Plant Cell29: 1622-1641.

Sud RM, Dengler NG. 2000. Cell lineage of vein formation in variegated leaves of
the Cy grass Stenotaphrum secundatum. Annals of Botany 86: 99-112.

Swarup R, Bhosale R. 2019. Developmental roles of AUX1/LAX auxin influx
carriers in plants. Frontiers in Plant Science 10: 1300.

Sylvester AW, Cande WZ, Freeling M. 1990. Division and differentiation during
normal and Jiguleless-1 maize leaf development. Development 110: 985-1000.

Szerszen JB, Szczyglowski K, Bandurski RS. 1994. iaglu, a gene from Zea mays
involved in conjugation of growth hormone indole-3-acetic acid. Science 265:
1699-1701.

Tadege M, Lin H, Bedair M, Berbel A, Wen J, Rojas CM, Niu L, Tang Y, Sumner
L, Ratet P ez al. 2011. STENOFOLIA regulates blade outgrowth and leaf vascular

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation


https://doi.org/10.1103/PhysRevLett.126.038101

New
Phytologist

patterning in Medicago truncatula and Nicotiana sylvestris. Plant Cell23: 2125—
2142.

Tan X, Calderon-Villalobos LIA, Sharon M, Zheng C, Robinson CV, Estelle M,
Zheng N. 2007. Mechanism of auxin perception by the TIR1 ubiquitin ligase.
Nature 446: 640-645.

Thelander M, Landberg K, Sundberg E. 2018. Auxin-mediated developmental
control in the moss Physcomitrella patens. Journal of Experimental Botany 69: 277—
290.

Titapiwatanakun B, Blakeslee JJ, Bandyopadhyay A, Yang H, Mravec J, Sauer M,
Cheng Y, Adamec ], Nagashima A, Geisler M ez al. 2009. ABCB19/PGP19
stabilises PIN1 in membrane microdomains in Arabidopsis. 7he Plant Journal57:
27-44.

Tomescu AMF. 2009. Megaphylls, microphylls and the evolution of leaf
development. Trends in Plant Science 14: 5—12.

Tomescu AMF. 2021. The stele —a developmental perspective on the diversity and
evolution of primary vascular architecture. Biological Reviews 96: 1263—1283.

Tsiantis M, Brown MI, Skibinski G, Langdale JA. 1999. Disruption of auxin
transport is associated with aberrant leaf development in maize. Plant Physiology
121: 1163-1168.

ten Tusscher KH. 2021. What remains of the evidence for auxin feedback on PIN
polarity patterns? Plant Physiology 186: 804-807.

Ueno O, Kawano Y, Wakayama M, Takeda T. 2006. Leaf vascular systems in C;
and Cjy grasses: a two-dimensional analysis. Annals of Botany 97: 611-621.

Ulmasov T, Hagen G, Guilfoyle T]. 1997. ARF1, a transcription factor that binds
to auxin response elements. Science 276: 1865.

Ulmasov T, Murfett ], Hagen G, Guilfoyle TJ. 1997. Aux/IAA proteins repress
expression of reporter genes containing natural and highly active synthetic auxin
response elements. Plant Cell9: 1963-1971.

Vandenbussche M, Horstman A, Zethof ], Koes R, Rijpkema AS, Gerats T.
2009. Differential recruitment of WOX transcription factors for lateral
development and organ fusion in Petunia and Arabidopsis. Plant Cell 21:
2269-2283.

Vasco A, Smalls TL, Graham SW, Cooper ED, Wong GK-S, Stevenson DW,
Moran RC, Ambrose BA. 2016. Challenging the paradigms of leaf evolution:
class IIl HD-Zips in ferns and lycophytes. New Phytologist 212: 745-758.

Verna C, Ravichandran SJ, Sawchuk MG, Linh NM, Scarpella E. 2019.
Coordination of tissue cell polarity by auxin transport and signaling. eLife 8:
e51061.

Verna C, Sawchuk MG, Linh NM, Scarpella E. 2015. Control of vein network
topology by auxin transport. BMC Biology 13: 94.

Vernoux T, Besnard F, Godin C. 2021. What shoots can teach about theories of
plant form. Nature Plants7: 716-724.

Viaene T, Delwiche CF, Rensing SA, Friml J. 2013. Origin and evolution of PIN
auxin transporters in the green lineage. 7rends in Plant Science 18: 5-10.

Weijers D, Wagner D. 2016. Transcriptional responses to the auxin hormone.
Annual Review of Plant Biology 67: 539-574.

Wend S, Bosco CD, Kampf MM, Ren F, Palme K, Weber W, Dovzhenko A,
Zurbriggen MD. 2013. A quantitative ratiometric sensor for time-resolved
analysis of auxin dynamics. Scientific Reports 3: 2052.

Wenzel CL, Marrison J, Mattsson J, Haseloff J, Bougourd SM. 2012. Ectopic
divisions in vascular and ground tissues of Arabidopsis thaliana result in distinct

leaf venation defects. Journal Experimental Botany 63: 5351-5364.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation

Tansley review Review 803

Wenzel CL, Schuetz M, Yu Q, Mattsson J. 2007. Dynamics of MONOPTEROS
and PIN-FORMED! expression during leaf vein pattern formation in Arabidopsis
thaliana. The Plant Journal 49: 387-398.

Won C, Shen X, Mashiguchi K, Zheng Z, Dai X, Cheng Y, Kasahara H, Kamiya Y,
Chory J, Zhao Y. 2011. Conversion of tryptophan to indole-3-acetic acid by
TRYPTOPHAN AMINOTRANSFERASES OF ARABIDOPSIS and YUCCAs
in Arabidopsis. Proceedings of the National Academy of Sciences, USA108: 18518—
18523.

Wright AD, Sampson MB, Neuffer MG, Michalczuk L, Slovin JP, Cohen JD.
1991. Indole-3-acetic acid biosynthesis in the mutant maize orange pericarp, a
tryptophan auxotroph. Science 254: 998—1000.

Yamaguchi T, Nagasawa N, Kawasaki S, Matsuoka M, Nagato Y, Hirano HY.
2004. The YABBY gene DROOPING LEAF regulates carpel specification and
midrib development in Oryza sativa. Plant Cel[16: 500-509.

Zazimalova E, Murphy AS, Yang H, Hoyerova K, Hosek P. 2010. Auxin
transporters—why so many? Cold Spring Harbor Perspectives in Biology2: a001552.

Zhang G-H, Xu Q, Zhu X-D, Qian Q, Xue H-W. 2009. SHALLOT-LIKEI is a
KANADI transcription factor that modulates rice leaf rolling by regulating leaf
abaxial cell development. Plant Cell21: 719-735.

Zhang T, YouJ, Zhang YI, Yao W, Chen W, Duan Q, Xiao W, Ye LI, Zhou Y, Sang
X etal. 2021. LF1 regulates the lateral organs polarity development in rice. New
Phytologist 231: 1265-1277.

Zhang Y, Hartinger C, Wang X, Friml J. 2020a. Directional auxin fluxes in plants
by intramolecular domain-domain coevolution of PIN auxin transporters. New
Phyrologist 227: 1406-1416.

Zhang Y, Rodriguez L, Li L, Zhang X, Friml J. 2020b. Functional innovations of
PIN auxin transporters mark crucial evolutionary transitions during rise of
flowering plants. Science Advances 6: eabc8895.

Zhang Z, Runions A, Mentink RA, Kierzkowski D, Karady M, Hashemi B, Huijser
P, Strauss S, Gan X, Ljung K ez al 2020. A WOX/Auxin biosynthesis module
controls growth to shape leaf form. Current Biology 30: 4857—4868.

Zhao YD. 2012. Auxin biosynthesis: a simple two-step pathway converts tryptophan
to indole-3-acetic acid in plants. Molecular Plant 5: 334-338.

Zhao YD. 2018. Essential roles of local auxin biosynthesis in plant development and
in adaptation to environmental changes. Annual Review of Plant Biology 69: 417—
435.

ZhaoY, Christensen SK, Fankhauser C, Cashman JR, Cohen JD, Weigel D, Chory
J. 2001. A role for flavin monooxygenase-like enzymes in auxin biosynthesis.
Science 291: 306-309.

Zhao Z, Zhang Y, Liu X, Zhang X, Liu S, Yu X, Ren Y, Zheng X, Zhou K, Jiang L
et al. 2013. A role for a dioxygenase in auxin metabolism and reproductive
development in rice. Developmental Cell27: 113-122.

Zheng Z, Guo Y, Novak O, Dai X, Zhao Y, Ljung K, Noel JP, Chory J. 2013.
Coordination of auxin and ethylene biosynthesis by the aminotransferase VASI.
Nature Chemical Biology 9: 244-246.

Zimmermann W. 1952. Main results of the “Telome Theory’. Palacoboranist 1:
456-470.

Zumajo-Cardona C, Vasco A, Ambrose BA. 2019. The evolution of the KANADI
gene family and leaf development in lycophytes and ferns. Plants 8: 313.

Zwieniecki MA, Boyce CK, Holbrook NM. 2004. Functional design space of
single-veined leaves: role of tissue hydraulic properties in constraining leaf size and

shape. Annals of Botany 94: 507-513.

New Phytologist (2022) 234: 783-803
www.newphytologist.com



