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The role of auxin transport
through plasmodesmata in leaf
vein canalization and patterning
David M. Holloway 1* , Trausti K. Eiriksson1,2†

and Carol L. Wenzel3

1Mathematics Department, British Columbia Institute of Technology, Burnaby, BC, Canada,
2Chemistry Department, University of Toronto, Toronto, ON, Canada, 3Biotechnology Department,
British Columbia Institute of Technology, Burnaby, BC, Canada
Vein patterns in plant leaves are preceded by high concentration localized tracks
of the phytohormone auxin. Auxin regulates downstream genes involved in
vascular differentiation. Proposals for the mechanisms by which auxin canalizes
from broad early distributions to later narrow provascular tracks have been made
for many decades and tested in mathematical models. These have focused on
PIN1, a membrane-bound protein involved in exporting auxin from cells. PIN
mutations and interference with polar auxin transport (PAT) through PIN have
strong effects on vein patterns. However, recent experiments show that even
with PIN-dependent PAT presumably shut off, veins form and extend, albeit with
altered patterning. This residual canalization and vein patterning has a
dependence on �ow through plasmodesmata (PD) intercellular channels. We
developed a new mathematical framework for the regulation of auxin �ow
through both PIN and PD. This produces better �ts to data than prior PIN-only
models, especially with respect to vein number, directionality and extension in
reduced PIN transport conditions. Varying PD area recapitulates known
experimental results with PD mutants, in particular the loss of canalization at
high PD permeability. Model parameters are consistent with measured
permeabilities and predict effects for future experiments. This work updates
the canalization hypothesis for auxin provascular strand formation in early leaf
development in terms of the contributions from both PIN and PD.
KEYWORDS
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1 Introduction

Spatial patterning of the vascular network during leaf development has fascinated
biologists for decades. While a functional network of veins is critical to water and solute
transport throughout the leaf, the spatial patterning of leaf veins varies widely and can
correlate in species-speci�c ways with leaf morphology. The future location of leaf veins can
�rst be seen in narrow high concentration tracks of the hormone auxin (Figures 1A, B).
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Auxin regulates genes involved in the subsequent differentiation
into vascular tissue, for example in the regulation of MP (Przemeck
et al., 1996; Hardtke and Berleth, 1998; Wenzel et al., 2007), which
activates ATHB8, one of the earliest markers of preprocambial
vascular fate (Donner et al., 2009; Marcos and Berleth, 2014;
Scarpella, 2024). (See Table 1 for a list of abbreviations.) A major
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focus for leaf vein patterning, therefore, has been on the
mechanisms that determine the spatial localization of these
provascular auxin tracks.

Early experiments with wound recovery characterized the
polarized nature of auxin �ow, from sources to sinks (e.g. shoots
to roots; Sachs, 1969). In leaves, auxin �ow is generally from the leaf
FIGURE 1

Auxin transport in vein patterning. (A, B) Auxin forms provascular tracks in the locations of the future veins, �owing from sources at the margin
towards the leaf centre and base. (A) DR5::GUS auxin response marker, indicated by pink-low and blue-high levels (from Mattsson et al., 2003,
with permission); (B) DR5rev::nYFPES, yellow-high and blue-low levels (from Linh and Scarpella, 2022, with permission). (C) Polar auxin transport
(PAT) through PIN1 (green) membrane-bound auxin exporters facilitates �ow both away from (red arrows) and towards (white arrows) high auxin
sources (CP, convergence points; from Wenzel et al., 2007, with permission); purple arrows indicate toward-vein alignment of PIN1 along the lateral
walls. Interference with auxin transport through PIN, either through multiple PIN mutations, such as pin1,3,6;4;7;8 (E), or by treatment with the drug
NPA (F) results in more secondary-like veins extending in from the margin, and alters the joining of veins, resulting in bundling in the centre,
compared to WT (D, red line – primary vein; blue lines – earliest-formed secondary veins). Combined mutation and NPA treatment do not produce
additional severity of the phenotype (G), suggesting an underlying non-PIN vein patterning mechanism. (D–G) from Verna et al. (2019) with
permission. (H) veins (yellow) visualized by YFP activation in a control leaf of enhancer trap line E2331. (I–K) Vein formation in E2331 under NPA
treatment (reduced PIN transport): canalized veins form in E2331;WT (I) and with E2331;cals3-2d narrow-aperture PD (J), but veins do not canalize
with E2331;gsl8–2 wide-aperture PD (K). (H–K) from Linh and Scarpella (2022) with permission.
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