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Abstract
Many processes of central importance in plant physiology, including water and solute transport, long
distance signaling, and virus movement take place in the leaf vasculature. However, gaining optical
access to living leaf veins can be di�cult. This has been the case in the plant model _Arabidopsis_. We
present a series of novel techniques with which to either expose parts of the primary vasculature in an
otherwise intact _Arabidopsis_ leaf, or to isolate segments of primary leaf veins. A third method was
developed to allow studies of living primary veins at least 2 cm long that are still attached to the leaf
base. The vein preparation methods are rapid and aimed at producing living vascular tissues suitable for
imaging, genomics, proteomics, metabolic and biophysical analyses, and treatment with chemical
modulators, etc.

Introduction
Veins are complex and fascinating structures that are crucially important in plant physiology and plant
pathology. Ideally, veins could be isolated intact from surrounding cell layers, but until recently this has
not been reported for the plant model _Arabidopsis thaliana_. Faced with the di�culty of conducting
subcellular localization studies in the primary leaf vasculature of this plant, Nguyen and Kurenda et al. \
(2018) developed methods to expose or extract this tissue. Here we outline three approaches that permit
visualisation and experimental manipulation of exposed primary leaf veins in _Arabidopsis_. The new
methods we describe offer complementary approaches to established techniques such as removal of
epidermal and cortical layers on the underside of leaves to expose veins \(Knoblauch and van Bel, 1998),
or laser microdissection of vascular tissues \(e.g. Schad et al., 2005). Since the methods described herein
are rapid and avoid the use of protoplasting or chemical treatments, they facilitate the observation of
living vascular cells. Viewed from a developmental perspective, the methods we describe require severing
developmental layer 1 \(L1, the epidermis) and part of L2 \(ground tissues) and then pulling leaves or
parts of leaves to expose intact primary veins containing L3-derived vascular cells. Our procedures exploit
the fact that the mechanical properties of the ground cell layer \(L2) differ from those of the vasculature \
(L3). Critically, primary veins are more resistant to tensile stress than the surrounding L2 bundle sheath
cells. Primary vein segments isolated with the procedures described herein display matrices in which the
integrity of core vascular tissues such as xylem, cambium and phloem is maintained.
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epidermal and cortical layers on the underside of leaves to expose veins \(Knoblauch and van Bel, 1998),
or laser microdissection of vascular tissues \(e.g. Schad et al., 2005). Since the methods described herein
are rapid and avoid the use of protoplasting or chemical treatments, they facilitate the observation of
living vascular cells. Viewed from a developmental perspective, the methods we describe require severing
developmental layer 1 \(L1, the epidermis) and part of L2 \(ground tissues) and then pulling leaves or
parts of leaves to expose intact primary veins containing L3-derived vascular cells. Our procedures exploit
the fact that the mechanical properties of the ground cell layer \(L2) differ from those of the vasculature \
(L3). Critically, primary veins are more resistant to tensile stress than the surrounding L2 bundle sheath
cells. Primary vein segments isolated with the procedures described herein display matrices in which the
integrity of core vascular tissues such as xylem, cambium and phloem is maintained.

Reagents
_Arabidopsis thaliana_ Columbia \(Col) plants were sown individually in soil in 7 cm diameter pots,
strati�ed for 2 d at 4°C in the dark, and grown in an insect-free growth room at 21°C and 70% relative
humidity in 150 µE m-2 s-1 light \(10h light, 14h dark). All plants used were 5 to 6 weeks-old. Only
expanded leaves were used for vein exposure or extraction. This corresponds approximately to leaves 7
to leaf 14 in 5- to 6-week-old plants where the �rst leaf produced \(i.e. the oldest leaf) is leaf 1. Leaf
numbers can be de�ned using the protocols described in Farmer et al. \(2013). Fresh scalpel blades were
used for dissections and plants were maintained under light throughout the procedures described. To
support the apical leaf part while using protocol 1 we used blocks of 1% \(w/v) agar. To facilitate work,
rosettes can be placed under a low power dissecting microscope. To maintain humidity around extracted
veins \(protocol 3), we used blocks of 1% \(w/v) agar containing 0.5 x Murashige Skoog \(MS) growth
medium \(Sigma, Buchs, Switzerland) adjusted to pH 5.7 with no sucrose. Chemicals and growth media
were from Sigma \(Buchs, Switzerland). Note that in isolated primary veins, core vascular cells such as
xylem contact cells and the phloem complex are surrounded by vascular parenchyma cells. These
parenchyma cells can be removed by protoplasting as described in Nguyen and Kurenda et al. \(2018).
This paper also describes extensive protoplasting for face-on imaging of phloem sieve plates.

Procedure
**PROTOCOL 1. Surgical exposure of the intact primary vein.** An expanded leaf is selected and the
apical part of the leaf placed on a block of agar \(1% w/v). An arc-like incision is made through the upper
\(adaxial) and lateral epidermis of the petiole of the leaf 4 - 8 mm from the center of the rosette. No
incision is made on the basal \(abaxial) petiole surface. A second similar incision is made up to 4 mm
from the �rst incision in the direction of the leaf tip. Then, perpendicular to the �rst incisions, a third cut
through the adaxial \(upper) epidermis is made to join the �rst incisions. In all cases, care is taken not to
damage the vasculature. Then, using small forceps and a scalpel, extravascular tissues are gently
removed from the region of the incisions. This leaves an exposed region of vein. These manipulations are
summarized in **Fig. 1**. The procedure typically takes from 2 to 5 min to perform. See �gure in Figures
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section. **Figure 1.** **Exposing part of a midvein as described in protocol 1.** **a,** positions of cuts
on the petiole of an expanded leaf. 1 and 2; super�cial lateral incisions in the upper surface and sides of
the petiole made to avoid severing the primary vein. 3, longitudinal super�cial incision made prior to
removing extravascular tissue. **b,** the leaf after removal of extravascular tissues. **c,** detail of an
exposed vein, scale bar = 250 μm. **PROTOCOL 2. Isolation of intact primary vein segments.** An
expanded leaf is selected and the leaf blade is cut off with scissors just above the petiole/blade junction
so as to leave a small length \(a few mm) of leaf blade. The apical part of the leaf blade is then
discarded. Using a scalpel, gentle incisions are made through upper \(adaxial) and lateral epidermis near
the base of the petiole. No incision is made on the underside of the petiole. Using a thumb and fore�nger,
the cut end near the petiole/lamina junction is gently pulled away to expose the midvein. The vein is then
quickly excised for immediate use or for rapid freezing in liquid nitrogen. The procedure, which takes
approximately 10 s and works in approximately 50% of cases, is illustrated in **Fig. 2**. See �gure in
Figures section. **Figure 2.** **Preparation of vein segments from expanded leaves as described in
protocol 2.** **a,** positions of cuts on the petiole of an expanded leaf. 1, most of the lamina is removed
with scissors. 2, super�cial incision in the petiole, **b,** the leaf stub is gently pulled off the vein. **c,**
the vein is cut off for use. **d,** remnants of the detached leaf, scale bar = 2 mm. **e,** extracted primary
vein, scale bar = 2 mm. **f,** detail of an extracted vein, arrowheads show positions of secondary vein
branch points; scale bar = 1 mm. **PROTOCOL 3. Extraction of living primary veins attached to the leaf
base.** After experience has been gained using method 2 it is possible to adapt this method for the study
of live, attached midveins. A ring-like incision is made through the upper \(adaxial) and lateral epidermis
of the petiole of the leaf 4 - 8 mm from the center of the rosette. No incision is made on the basal \
(abaxial) petiole surface. Using a thumb and fore�nger, the leaf is gently pulled away from the center of
the plant. This should leave an attached midvein up to approximately 3 cm-long depending on the size of
the leaf. The procedure is outlined in **Fig. 3**. To prevent desiccation of the attached vasculature, a
block of 1% \(w/v) agar in 0.5 x Murashige Skoog \(MS) medium \(pH 5.7) is placed on the soil below the
exposed vein. A strip of �lter paper previously soaked in 0.5 x MS medium can also be placed on the agar
block below the vein to prevent desiccation and enhance visibility. Plants are placed in the light in
humidi�ed Plexiglas boxes \(30 x 20 x 20 cm) for 1 h prior to experiments to allow recovery. The
procedure, detailed in **Fig. 3**, typically takes about 10 s. However, only 10 – 20 % of vein exposure
attempts are successful since veins are vulnerable to breakage during extraction. See �gure in Figures
section. **Figure 3.** **Removal of the lamina to expose an attached vein as described in protocol 3.**
**a,** the dashed red line shows placement of a super�cial lateral incision on the sides and upper \
(adaxial) petiole surface made without damaging the midvein. **b,** the leaf is gently pulled off. **c,**
the remaining vein is left attached to the leaf base. **d,** leaf vein after extraction, scale bar = 2 mm.
**e,** detail of the extracted vein attached to the petiole base, scale bar = 2 mm.

Troubleshooting
Plants should not be grown in a light intensity of less that approximately 100 µE m-2s-1light. The petioles
of plants grown at low light intensity show a strong shade avoidance response and elongate to such an
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extent that they are too thin to handle easily. The techniques described herein were developed for adult-
phase plants grown for 5 to 6 weeks under short day conditions. We have not explored the capacity of
these methods to work in younger plants or in reproductive-phase plants grown in long day conditions.
Note that for procedure 1, failure to support the apical part of the leaf leads to bending or breakage of the
vein. One must bear in mind that, during primary vein exposure or extraction, connections to secondary
veins are broken. Connection points to secondary veins appear as tiny stubs on isolated primary veins.
Experiments are necessary to see how much this in�uences primary vein physiology. Methods similar to
those presented herein have not yet been applied in attempts to isolate secondary or tertiary veins. Since
the primary vein differs in cellular composition from the secondary and higher order veins \(e.g. Haritatos
et al., 2000), caution should be used when extrapolating results to these other veins.

Anticipated Results
Robust methods for the study of either partially exposed _Arabidopsis_ midveins, fully isolated midvein
segments, and midveins that are still attached to leaf bases are presented. Two of these techniques \
(protocols 1 and 2) have already proven useful in studies of the wound response and, in particular, in the
subcellular localization of vascular signalling proteins and in calcium imaging and electrical signaling.
Results from that study \(Nguyen and Kurenda et al., 2018) show that core vascular cells in veins
segments isolated with procedures 1 and 2 retain their integrity. Additionally, during procedures 2 and 3
the bundle sheath which is composed of non-vascular \(layer 2) cells is broken. Procedure 3 produces
samples that can be maintained attached to the plant for at least several hours provided that ambient
humidity is su�ciently high. The methods presented should be applicable to many areas of research
including subcellular localization studies, live imaging \(including of pathogen movement), visualization
of organelle dynamics or pH and ion �uxes, photobiology/photosynthesis, electrophysiology, hormone
measurements, etc. Additionally, exposed veins or isolated vein segments can be treated easily with
inhibitors, agonists and antagonists etc. Vein segments are also highly suitable for genomics, proteomics
and metabolomics studies. Finally, these methods should be powerful tools for the comparison of
mutants affecting the vasculature.
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*Exposing part of a midvein as described in protocol 1.* *a,* positions of cuts on the petiole of an
expanded leaf. 1 and 2; super�cial lateral incisions in the upper surface and sides of the petiole made to
avoid severing the primary vein. 3, longitudinal super�cial incision made prior to removing extravascular
tissue. *b,* the leaf after removal of extravascular tissues. *c,* detail of an exposed vein, scale bar = 250
μm.

Figure 2
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*Preparation of vein segments from expanded leaves as described in protocol 2.* *a,* positions of cuts
on the petiole of an expanded leaf. 1, most of the lamina is removed with scissors. 2, super�cial incision
in the petiole, *b,* the leaf stub is gently pulled off the vein. *c,* the vein is cut off for use. *d,* remnants
of the detached leaf, scale bar = 2 mm. *e,* extracted primary vein, scale bar = 2 mm. *f,* detail of an
extracted vein, arrowheads show positions of secondary vein branch points; scale bar = 1 mm.

Figure 3
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*Removal of the lamina to expose an attached vein as described in protocol 3.* *a,* the dashed red line
shows placement of a super�cial lateral incision on the sides and upper (adaxial) petiole surface made
without damaging the midvein. *b,* the leaf is gently pulled off. *c,* the remaining vein is left attached to
the leaf base. *d,* leaf vein after extraction, scale bar = 2 mm. *e,* detail of the extracted vein attached to
the petiole base, scale bar = 2 mm.


