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The formation of the leaf vascular pattern has fascinated biologists for centuries. In the early leaf primordium,
complex networks of procambial cells emerge from homogeneous subepidermal tissue. The molecular nature
of the underlying positional information is unknown, but various lines of evidence implicate gradually
restricted transport routes of the plant hormone auxin in defining sites of procambium formation. Here we
show that a crucial member of the AtPIN family of auxin-efflux-associated proteins, AtPIN1, is expressed
prior to pre-procambial and procambial cell fate markers in domains that become restricted toward sites of
procambium formation. Subcellular AtPIN1 polarity indicates that auxin is directed to distinct “convergence
points” in the epidermis, from where it defines the positions of major veins. Integrated polarities in all
emerging veins indicate auxin drainage toward pre-existing veins, but veins display divergent polarities as they
become connected at both ends. Auxin application and transport inhibition reveal that convergence point
positioning and AtPIN1 expression domain dynamics are self-organizing, auxin-transport-dependent processes.
We derive a model for self-regulated, reiterative patterning of all vein orders and postulate at its onset a
common epidermal auxin-focusing mechanism for major-vein positioning and phyllotactic patterning.
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The vascular system of plants is composed of a continu-
ous network of vascular bundles, primarily composed of
phloem and xylem tissues that translocate dissolved
photoassimilates and minerals, respectively (Esau 1965).
In leaves, all vascular cells differentiate from a vascular
meristematic tissue, the procambium. Procambial cells
become apparent as narrow, cytoplasm-dense cells
emerging from the subepidermal tissue of the leaf pri-
mordium, termed ground meristem (Foster 1952; Esau
1965). Procambial cells are characteristically arranged in
continuous strands and acquire their narrow shape
through coordinated, oriented divisions, parallel to the
axis of the emerging strand.

Few natural phenomena have attracted more wide-
spread attention, including reflections by mathemati-
cians, philosophers, and theoretical biologists, than the
so-called venation patterns of leaves. From a develop-
mental point of view, the patterning process is particu-
larly intriguing, because it seems to be organized de novo
in each leaf primordium. Moreover, a considerable de-

gree of variability of vein patterns in most species argues
against their rigid specification and suggests instead
highly flexible self-organizing patterning mechanisms.
These mechanisms must reconcile the plasticity of vein
patterns with a stringent continuity requirement for vas-
cular function.

Most vascular patterning models fall in two categories
distinguished by a basic alternative: In one, flow of a
signal through incipient vascular strands is critical for
the patterning process (Sachs 1981, 1991); in the other,
vascular strand patterns are specified through cellular
interactions in the surrounding tissue, for example,
through autocatalytic, local-activation–long-range-inhi-
bition mechanisms (Meinhardt 1982; H. Meinhardt
and A. Gierer, http://www.eb.tuebingen.mpg.de/dept4/
meinhardt/theory.html). A crucial formal distinction
between the two self-organizing models is that signal
flow involves continuous signaling through the specified
cells and thereby requires that all vascular strands are
necessarily connected at least transiently at an early
stage, while local-activation–long-range-inhibition mecha-
nisms could generate entirely disconnected vascular
strands.

An instrumental role of auxin transport and auxin
transport-mediated auxin distribution for tissue pattern-
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ing in young plant organs has gained much support from
the results of auxin transport-inhibition studies and
auxin application studies in combination with new cel-
lular markers (Leyser 2005). Control of auxin transport
seems to be the single most critical parameter for the
establishment and dynamic maintenance of auxin distri-
bution patterns in, for example, embryos and shoot and
root meristems. Controlled auxin transport, in turn,
seems to be accurately visualized through the expression
pattern and subcellular localization of auxin-efflux-asso-
ciated proteins of the AtPIN (PIN in the following) fam-
ily.

Despite considerable work in tracing pre-procambial
development and in identifying mutants with abnormal
venation (Turner and Sieburth 2002), the patterns of
auxin transport routes and their relationship to procam-
bium have remained unknown. Here we monitor these
patterns through stages critical for the formation of vari-
ous defined vein classes in rosette leaves of Arabidopsis.
Our data reveal strongly coordinated acquisition of sub-
cellular polarity in all cells contributing to procambium
formation for all vein classes and a directing influence of
auxin transport in the epidermis on vein patterning. De-
spite the vast diversity of vein shapes and connections in
the vascular network, these data suggest that two types
of vein ontogeny are sufficient to explain the complexity
of Arabidopsis vein patterning.

Results

For clarity, we summarize our schemes for reporting po-
sitions within leaf primordia and for vein orders in Fig-
ure 7A, below. The representative character of each re-
ported feature is indicated as a quotient (samples show-
ing the feature/all samples) in the lower left corner of
Figures 1–6, with the criterion features listed in Supple-
mentary Table S1.

Expression and subcellular polarities of PIN proteins
have been in good agreement with independently as-
sessed auxin distributions and flow directions (for re-
view, see Leyser 2005). Furthermore, auxin transport is
reduced in pin1 mutants, and a spectrum of phenotypic
features, including altered vascular patterns, can be
mimicked by chemical inhibition of auxin transport
(Okada et al. 1991; Mattsson et al. 1999; Koizumi et al.
2005). Finally, PIN protein localizations have recently
been shown to be critical for defining the direction of
auxin flow in Arabidopsis roots (Wisniewska et al. 2006).
In order to disentangle auxin transport routes preceding
procambium specification in the leaf, we first deter-
mined through transcript profiling that, of this family,
only PIN1, PIN3, PIN4, and PIN7 are expressed in the
first pair of leaf primordia (first leaf in the following) at 5
d after germination (DAG) (data not shown). Of these
four genes, only PIN1 is expressed early in ground me-
ristem cells as judged from the expression patterns of a
functional translational reporter (Fig. 1). In contrast,
PIN3, PIN4, and PIN7 are either not expressed in ground
meristem cells or are expressed clearly after procambium
has been formed (Supplementary Fig. S1). We conclude

that for leaf vein patterning, PIN1 is presently the only
informative marker within the PIN gene family. The use
of a functional PIN1:GFP translational fusion with ex-
pression profiles indistinguishable from those of immu-
nolocalized PIN1 protein (Benkova et al. 2003) allowed
for reproducibility assessment of all reported features in
hundreds of optimally oriented whole-mount specimens
(Supplementary Table S1).

We next asked whether PIN1 expression reliably
precedes procambium formation. A sharp criterion to
answer this question is its expression relative to the
pre-procambial marker Athb8�GUS. This marker has
been shown to precede the formation of procambial cells
and the simultaneous expression of the procambial

Figure 1. Consecutive appearance of gene expression markers
during leaf procambium specification. (Upper right) Primor-
dium age in days after germination (DAG). (Lower left) Marker
identity. (Parentheses) Fraction of primordia showing the dis-
played features (Supplementary Table S1). All markers are
expressed in all vein classes. Note that expression of PIN1:
GFP and DR5rev�GFP precede Athb8�GUS expression by
nearly a day. (ET1335) Procambium marker. Note epidermal
DR5rev�GFP expression at the primordium tip (t), hydathodes
(h), and in discrete areas of the lateral epidermis (red arrowhead,
F). Arabidopsis first-leaf primordia, primordium orientation: tip
toward top. (A–F) GFP fluorescence and transmitted light. (G–L)
DIC microscopy. Bars: A,D,G,J, 10 µm; B,E,H,K, 20 µm; C,F,I,L,
50 µm.
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marker ET1335 in all vein classes (Fig. 1; Kang and Den-
gler 2004; Scarpella et al. 2004). As is shown in further
detail in the following sections, PIN1 is expressed in, and
occasionally around, all incipient veins and consistently
precedes the expression of the Athb8�GUS marker by
nearly a day (Fig. 1A–C,G–I). We conclude that PIN1:
GFP expression domains (PEDs) coincide with the prob-
able sites and stages at which pre-procambial cells are
being selected from the ground meristem and therefore
monitored PED dynamics and PIN1:GFP subcellular po-
larity in normal and experimentally manipulated leaf
primordia.

Initiation of lower-order veins

In epidermal cells of the shoot meristem, PIN1 protein
becomes localized toward the initiation sites of new leaf
primordia. It has been postulated that at these sites,
auxin converges and is then transported (internalized)
from the epidermis to subepidermal tissues (Benkova et
al. 2003; Reinhardt et al. 2003). We asked whether auxin
internalization leads to preferred routes of auxin trans-
port in the ground meristem of leaf primordia (rosette
leaves 1–8). In very early leaf primordia, convergent (op-
posed) polarity of PIN1 protein toward a central point in
the epidermis (“convergence point,” highlighted by sig-
nal quantification in Fig. 2D,E) is associated with a cen-
tral, subepidermal PED, in which PIN1 polarity is ba-
sally oriented (Fig. 2E). In the following, we use “basal”
to describe PIN1 subcellular polarity oriented toward
pre-existing vasculature, regardless of how a vein is po-
sitioned within a leaf, and “centrobasal” when basal po-
larity is skewed toward the center of a PED. As the pri-
mordium quickly acquires an elongated, cylindrical
shape, PIN1:GFP is expressed in basal polarity along the
entire incipient midvein (Fig. 2G,H). Especially in the
most distal part, the PED may be wider with centrobasal
subcellular polarities (Fig. 2G). Epidermal PIN1 expres-
sion is remarkably homogeneous at this stage of invari-
ably apical polarity (Fig. 2F).

The appearance of veins connected to pre-existing
vasculature at both ends (“connected veins”) has puz-
zled observers and has spurred discussions on the ap-
plicability of signal-flow models to this type of veins
(Nelson and Dengler 1997). We used the continuous
loops of second-order veins, which are formed with high
regularity early in leaf development, as an opportunity
to study the ontogeny of connected veins. PEDs of
second-order veins emerge in association with epider-
mal convergence points (Fig. 2I–N), analogous to the
midvein (first order) PED. These convergence points are
located at the leaf margin of 2.5- and 3-DAG primordia
(for the most distal pair of loops) approximately half-way
from the tip (Figs. 2H,K–M, 7C [below]). Interestingly,
convergence points are invariably positioned at the leaf
margin and are not observed in other parts of the leaf
epidermis, suggesting an exclusive function of the leaf
margin in directing ground meristem patterning (see Dis-
cussion).

Beyond the formation of convergence points, there is

more similarity in the ontogeny of first- and second-or-
der veins. At 3 DAG, second-order PEDs appear to con-
nect each convergence point with the midvein PED.
These early second-order PEDs represent only the lower
(proximal) part of a loop (lower-loop domain, LLD). Each
LLD comprises a transient wide section near the conver-
gence point and a persistent narrow proximal section
(Figs. 2K–N, 7C [below]; Supplementary Movie S1), the
latter giving rise to second-order vein procambium. The
polarity of subcellular PIN1 localization is basal or cen-
trobasal in the distal section and basal in the proximal
section (Fig. 2K–N). By 3.5 DAG, the initially wide distal
section eventually disappears (Fig. 2O,P). In conclusion,
second-order vein loops are of composite origin. The on-
togeny of the LLD is reminiscent to that of the midvein
PED including the presence of an ephemeral, often wider
distal and a narrow proximal section.

The formation of the complementary “upper-loop do-
main” (ULD) is a separate event (Fig. 7C, below; Supple-
mentary Movie S1). The ULD is typically initiated after
the LLD is fully connected to the midvein PED and is
then gradually extended from the LLD toward the distal
midvein (Figs. 2N,O, 7C [below]; Supplementary Movie
S1). These features might be important, because the po-
larity in the ULD is directed toward the LLD through
which it is connected to the midvein PED (Fig. 2N,O).
Therefore, its polarity is basal with reference to the LLD,
which is a pre-existing PED at this stage. As the ULD is
extended toward the leaf tip, it finally becomes con-
nected to the midvein PED at its distal end and becomes
a “connected” PED (Fig. 2P). Most remarkably, those
connected ULDs are invariably comprised of two seg-
ments of opposite polarity, bridged by a single bipolar
cell (Fig. 2P–U). Each segment’s polarity is invariantly
basal and is smoothly coordinated with the polarity of
the adjoining pre-existing PED. There is never more than
a single polarity switch and a single bipolar cell within a
ULD.

As is shown below, this bipolar organization is a
general feature of all “connected” PEDs in all Arabi-
dopsis vein orders. Therefore, ontogenetically, the for-
mation of the conspicuous second-order vein loops is
composite, with each part conforming to a more general
principle: The formation of an epidermally initiated LLD
is similar to that of the midvein, while the ontogeny of
the ULD resembles that of connected PEDs as they are
formed in higher-order veins throughout leaf develop-
ment (below).

The subsequent formation of more proximal vein
loops (12, 13) reiterates the features observed in the first
loop. Convergence points are again restricted to the mar-
gin of the leaf lamina and are connected to the basal part
of the midvein through characteristic distal and proxi-
mal sections (Supplementary Fig. S2). One feature dis-
tinguishing those loops from the first pair of loops is the
fact that ULDs connect distally to the next distal second-
order loop rather than to the midvein (Supplementary
Fig. S2). A second feature is of a quantitative nature.
Especially visible in third loop LLDs and reiterated in
second-order veins of larger leaves formed later in the

Arabidopsis leaf vein patterning
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rosette (below), there is a tendency toward initially
broader LLDs that gradually narrow down. This process
is completed by ∼6 DAG (Supplementary Fig. S2), prior

to the onset of Athb8 expression in the LLD3. Therefore,
as most clearly documented in these later LLDs, PIN1
expression initially exceeds Athb8 expression and sites

Figure 2. Acquisition of cell identity and polarity in vein formation. Arabidopsis first-leaf primordia. PIN1:GFP marker throughout.
Sample orientation and all in-figure information as in Figure 1. (Red arrowhead) Convergence point; (red asterisk) bipolar cell; (m)
midvein; (ULD#, LLD#) subdomains of vein loop number (l#) as defined in Figure 7. (A) Schematic PED pattern of 6-DAG first leaf
depicting the positions of images shown in B–Z. Early vein ontogenies are temporally connected in Figure 7 and summarized in
Supplementary Movie S1. (B–G) Apical convergence points and midvein PED formation in young leaf primordia. Largely epidermal
PIN1 expression in barely visible 1-DAG leaf primordia in B. Note that the cell at each primordium tip is flanked by cells of opposite
polarities; furthermore, PIN1 expression beneath the tip epidermal cell in the left primordium (arrow). (C,E) Pronounced subepidermal
PIN1 expression in 2-DAG primordia. LUT signal intensity monitor in D and E (bottom) visualize the epidermal polarity orientation
toward the primordium tip, which is associated with a general tip-directed polarity in the epidermal layer at this stage (F). (F,G)
Tangential abaxial (F) and median (G) longitudinal optical sections of the same leaf primordium. Note the apical PIN1:GFP polarity
in epidermal cells (F) associated with basal PIN1:GFP polarity in the midvein (G). (H–N) First (second-order vein) loop initiation at
lateral convergence point. Convergence point formation at primordium flank (H) (enlarged in I, signal quantified in J) followed by the
formation of a broad subepidermal LLD1 domain (K) (enlarged in L, smaller pinhole in M to visualize convergence point) that becomes
connected distally to the midvein by the formation of a gradually extending ULD1 (N). Note the basal PIN1 polarity in both LLD1 and
ULD1 (N,O). (O–U) Completion of ULD1 formation. Integration of LLD1 and ULD1 (O,P), associated with a stretch of opposite
polarity distal to a bipolar cell (P) (enlarged in Q, intensity quantified in R). (S–U) Persistence of bipolar cell in fully integrated first
loop. (V–AB) Higher-order veins. (V) Initiation of third-order vein PEDs in median optical section (top) is not associated with any
epidermal PIN1 expression (tangential abaxial optical section, bottom). (W–Y) Initiation of third-order freely ending PED in the area
enclosed by the first loop. Enlargement in X and intensity monitored in Y to visualize basal polarity both in the first loop and in the
newly formed third-order PED. (Z–AB) “Connected” third-order PEDs. PED connecting the first and second loops (Z) comprises a
bipolar cell bridging two stretches of opposite polarities, each directed toward the adjacent pre-existing PED. Enlargement (AA) and
intensity monitor (AB) to visualize opposite polarities and bipolar cell. (B–E,I–U,W–AB) GFP fluorescence. (F–H,V) GFP fluorescence
and transmitted light. (I,L,Q,T,X,AA) Details of the areas boxed in H, K, P, S, W, and Z, respectively. (D,E [bottom],J,R,U,Y,AB) LUT
images of C, E (top), I, Q, T, X, and AA, respectively (LUT palette and corresponding gray values shown in D only). Note that PIN1:GFP
polarity is not visible in lower-order veins in V because of the large pinhole settings used to visualize PIN1:GFP polarity in higher-order
veins. Veins are outlined by blue lines in V, W, and Z. Bars: B–H,K–P,S–AB, 10 µm; I,J,Q,R, 5 µm. Further stages and higher-resolution
images are shown in Supplementary Figures S2 and S3.
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of procambium formation, but gradually becomes re-
stricted toward those sites.

Initiation of higher-order veins

Vein orders 3 and higher form after the second-order
loops at less predictable positions within the leaf lamina.
As we did not identify any order-specific differences in
their ontogeny, we refer to them collectively as higher-
order veins. The PEDs of these vein orders typically ap-
pear as cell rows of single cell width in the absence of
recognizable epidermal expression (Fig. 2V). Higher-or-
der vein PEDs are never formed in isolation but are in-
variably continuous with earlier established PEDs or
with the respective mature veins (Fig. 2W–AB; Supple-
mentary Fig. S3). The polarity of PIN1 localization in
freely ending PEDs (connected to pre-existing PEDs only
at one end) is invariably basal (Fig. 2W–Y; Supplemen-
tary Fig. S3). Subcellular localization of PIN1:GFP in
connected PEDs is also basal, but with regard to the pre-
existing PEDs at both ends. Thus, each of these PEDs is
comprised of two stretches of opposite polarity, bridged
by a single bipolar cell (Fig. 2Z–AB; Supplementary Fig.
S3), which is typically located near one end (Figs. 2Z–
AB,7D [below]; Supplementary Movie S1).

In summary, higher-order vein PEDs are invariably
continuous with pre-existing PIN1 expression domains
and display uniform polarity toward them. Given the
experimental evidence for the derivation of “connected”
veins from freely ending intermediates (Scarpella et al.
2004) and the ontogeny of ULDs, it seems likely that the

acquisition of a second stretch of opposite polarity is a
late event associated with PED merging (Fig. 7D, below).

Vein formation in higher rosette leaves

Vein formation in leaves following the first leaf pair
(higher leaves) comprises similar vein types, but those
leaves have larger lamina areas, more secondary veins,
and a more reticulated network of higher-order veins
(Fig. 3A–C). PIN1 expression in higher leaves shows
similar dynamics as described for the first leaf pair, but is
typically visible in more cells than in the first leaf pair
and LLDs are initially broader (Fig. 3G–I). The formation
of several second-order veins can temporally overlap,
such that a substantial fraction of all ground meristem
cells is recruited into second-order PEDs (Fig. 3G,H). Ex-
cept for the two most distal pairs, second-order veins are
branched rather than loop shaped. They usually end dis-
tally in lamina protrusions associated with hydathodes
or, in other cases, cannot be easily discerned close to the
margin in mature leaves (Fig. 3A–C). We confirm that
hydathode positions regularly coincide with strong and
persisting DR5 auxin response maxima (Fig. 1F; Aloni et
al. 2003), suggesting that vein formation under these
conditions of generally elevated PIN1 expression may
reflect the influence of higher auxin concentrations in
higher leaves.

Where second-order veins do not form loops, they are
nevertheless connected to each other through third-order
veins along the margin (Fig. 3A–C). Strikingly, the PEDs
of those second-order veins and their connecting third-

Figure 3. Higher rosette leaf features. Arabidopsis third, fourth, fifth, and seventh leaf primordium as indicated in the upper right
corner of each panel. PIN1:GFP in D–L. Sample orientation and in-figure information as in Figures 1 and 2. (A–C) Mature venation
patterns. Increased numbers of second-order veins, less integrated into loops in higher rosette leaves. Ends of major veins are typically
associated with hydathodes (white arrowheads). Note the increased density and connectedness of higher-order venation in B and C.
(D–F) General features. (D) Convergence point-associated PED formation even prior to primordium emergence on shoot meristem. (E)
Tip-directed polarity in epidermis. (F) Connected first-loop PED with split polarity and bipolar cell. (G–L) Specific features in higher
leaves. (G–I) Increased PIN1 expression and more simultaneous formation of loops. Note the broad LLD3 and fairly amorphous PIN1
expression at incipient fourth loop (G, enlarged in H) followed by gradual LLD4 formation (I). (J–L) More simultaneous higher-order
vein formation. (J) Narrow freely ending PED. (K) Freely ending PED with two side branches (arrows). (L) Side branches (arrows) on
connecting PED. Note that the side branches in K and L form nearly simultaneously with the respective low-order PED. (A–C)
Dark-field illumination. (D,F–L) GFP fluorescence. (E) GFP fluorescence and transmitted light. Bars: A–C, 1 mm; D–F,J–L, 10 µm; G,I,
50 µm; H, 20 µm.
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order veins are nearly perfectly reminiscent of the LLDs
and ULDs of looped second-order veins (Fig. 3G–I). These
observations support the notion of a composite origin of
looped veins.

Like LLDs, higher-order PEDs of higher leaves are usu-
ally wider at first emergence. They are often irregularly
shaped, with subcellular polarities indicating the near
simultaneous emergence of third-order and branching
fourth-order PEDs (Fig. 3K,L). This feature appears cor-
related to the tightly reticulated higher-order venation
patterns in those rosette leaves (Fig. 3A–C).

In summary, PED patterning is largely similar in all
rosette leaves, but in higher leaves it is associated with
increased PIN1 expression and broader PEDs, and the
successive appearance of different PED orders seems ac-
celerated. These distinguishing features may reflect the
influence of relatively higher auxin levels during the for-
mation of those leaves.

Vein formation in response to external auxin
application

Formation of broad PEDs, emerging near areas of appar-
ent auxin accumulation, which then gradually narrow
down as procambium formation progresses, as seen in
higher leaves, is in striking agreement with mathemati-
cal models derived from the auxin canalization concept
(Mitchison 1980; Rolland-Lagan and Prusinkiewicz
2005). To test whether we could mimic the effect of pre-
sumed endogenous auxin with auxin itself, we applied

indole-3-acetic acid (IAA) in lanolin paste to young leaf
primordia and recorded the effects on PED and vein for-
mation. Auxin was applied distally to one side of 5-DAG
primordia, but had its most dramatic effect on patterning
events proximally within the newly formed areas of the
leaf lamina (outlined in Fig. 4A,B).

As shown in Figure 4, auxin application results in the
formation of excess numbers of convergence points in
the epidermis and dramatic up-regulation and expansion
of PIN1 expression in the ground meristem. This is in
line with earlier reports that PIN1 expression itself is
auxin responsive (Heisler et al. 2005; Vieten et al. 2005).
In many cases, virtually all ground meristem cells in the
vicinity of the application site express PIN1 at high lev-
els, and as these levels subside, basal or centrobasal PIN1
polarities become apparent in individual cells (Fig. 4F–K;
Supplementary Table S2). Most interestingly, subse-
quent decline of PIN1 expression is not uniform. Instead,
PIN1 expression can become gradually restricted to mul-
tiple narrow, but continuous domains, which correlate
with the formation of extra veins (Fig. 4L,N–P,R–T;
Supplementary Table S2).

We conclude that auxin supply defines the formation

Figure 4. Auxin responsiveness of PEDs and venation patterns
in Arabidopsis first-leaf primordia. Primordium orientation,
symbols and in-figure information as in Figures 1 and 2. Note
that in this figure smaller ratios of primordia share the displayed
features (lower left corner, parentheses) because only a minority
of primordia responds to auxin application (Supplementary
Table S2). (Yellow arrowheads) Site of IAA application. (A,B)
Schematic stages of primordia at time of IAA application (A) and
marker visualization (B). (Red area) Position of IAA application.
Vein color code: (brown) differentiating; (blue) procambial; (yel-
low) Athb8-expressing pre-procambial. (C,D) DR5�GUS re-
sponse to unilateral IAA (C) and mock (D) application. (E–L)
Six-DAG recording. (F–H) Supernumerary convergence points
(G) and extremely expanded PIN1 expression (F,G) in area of
third loop formation. (H) Intensity monitor visualizes very
strong, amorphous PIN1 expression in the extremely wide PED.
Note that compensating gain adjustment in F results in dimin-
ished intensity of PEDs at the leaf tip. (I–K) As in F–H, but
expanded PED does not comprise all ground meristem cells and
displays clear subcellular polarity (enlarged in J). (K) Intensity
monitor demonstrates highest PIN1 expression in the PED cen-
ter. (L) Formation of several, separate PEDs in the area of third
loop formation. (M–P) Rapid PED restriction by 7 DAG (N–P)
and matching features in mature leaves (R–T). PED of third loop
can be normal, split into multiple parallel veins (N,O,R,S), or
accompanied by an extra fourth loop (P,T). (C,D) DIC micros-
copy. (E–P) GFP fluorescence. (Q–T) Dark-field illumination.
(G,J) Details of the areas boxed in F and I, respectively. (H,K)
LUT images of G and J, respectively. Bars: A–F,M,N,P, 50 µm;
G–L,O, 10 µm; Q,R, 500 µm; S,T, 100 µm.
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of convergence points and the initial widths of PEDs.
Furthermore, PEDs have an inherent tendency to rapid
self-restriction. Finally, responses to auxin application
are restricted to less mature, proximal parts of the pri-
mordium. Within those responsive areas, all ground
meristem cells and all epidermal cells seem to be equiva-
lently responsive to auxin, and auxin turns out to be
sufficient for the induction of new procambial strands.

Vein formation under conditions of reduced auxin
transport

Progressively restricted expression of an auxin-inducible
presumptive auxin-efflux protein is most readily ex-
plained by auxin drainage, feeding back on its expres-
sion. To test whether PED narrowing is auxin-transport
dependent, we exposed leaf primordia to the auxin efflux
inhibitor 1-N-naphthylphthalamic acid (NPA). As shown
in Figure 5 and Supplementary Figure S4, leaf primordia
with reduced auxin transport display two main charac-
teristics. First, PEDs are typically extremely expanded
(Fig. 5, cf. F–H and E). Upon NPA exposure above 10 µM,
large areas of ground meristem cells continue to express
PIN1 up to 3 DAG in a majority of first leaf primordia (cf.
frequencies in Fig. 5E–H). Second, resolution of near-
ubiquitous PEDs into discrete domains, most clearly vis-
ible in the distal half of primordia at 4 DAG, is depen-
dent on auxin transport (Fig. 5I–L). PED narrowing is
considerably delayed at NPA concentrations above 10
µM, but still results in further restricted PEDs by 5 DAG
(Fig. 5M,N,P) and in only slightly enlarged veins in the
mature venation pattern (Fig. 5Q–T). As with auxin ap-
plication, the appearance of strong, broad PEDs is fore-
shadowed by an increased number of epidermal conver-
gence points, which are already recognizable in 2- and
3-DAG primordia (Fig. 5A–H). The auxin-transport de-
pendence of convergence point numbers demonstrates
that those are also not genetically specified but subject
to auxin-transport-dependent self-organization.

In summary, the dynamics of PIN1 expression in
auxin-transport-inhibited leaf primordia revealed huge
expansion and delayed narrowing of PEDs in conjunction
with the amplification of epidermal convergence points
(see Discussion).

PED continuity in vascular continuity mutants

We finally asked whether PEDs are continuous in vas-
cular continuity mutants. Such mutants display isolated
stretches of vascular strands, and their phenotypes have
been considered inconsistent with signal flow through
incipient veins (Carland et al. 1999; Deyholos et al. 2000;
Koizumi et al. 2000). The discontinuous vein segments
could, for example, have been formed in complete isola-
tion and could therefore hint to a signal-flow-indepen-
dent strand-forming mechanism. Their positions might
also not coincide with those of PEDs. To assess these
possibilities, we chose to visualize PEDs in the very se-
vere vascular continuity mutant, vascular network3

(van3). In van3 mutants, discontinuity has been demon-
strated even for the pre-procambial Athb8 expression do-

Figure 5. Auxin-transport dependence of PIN1 expression and
venation patterns in Arabidopsis first-leaf primordia. NPA
concentration in micromoles per liter (upper right corner) in
square brackets. PIN1:GFP in A–P. Primordium orientation,
symbols, and in-figure information as in Figures 1 and 2. (A–D)
Primordium initiation. Note the early appearance of supernu-
merary convergence points with increased NPA concentrations.
(E–P) NPA-dependent expansion of PEDs (F–H,J–L,N,P) and
presence of extra convergence points (F–H,O). At 3 DAG, nearly
all ground meristem cells may express PIN1 (F–H), whereas
from 4 DAG, PED restriction toward narrower strands is recog-
nizable by the appearance of dark areas (arrows in I–L). Note
that the size of these areas is inversely proportional to the ap-
plied NPA concentration, reflecting auxin transport dependence
of PED narrowing. (Q–T) Mature venation patterns. Similarity
between mature venation patterns and PEDs (see also Supple-
mentary Fig. S4) demonstrates the congruence of PEDs with
vascular differentiation zones under all experimental condi-
tions. Note that NPA exposure delays PED narrowing, but
does not prevent it. Mature veins are narrow under all experi-
mental conditions. (A–P) GFP fluorescence. (Q–T) Dark-field
illumination. Bars: A–H,O, 5 µm; I–L, 20 µm; M,N,P, 50 µm;
Q–T, 500 µm.

Arabidopsis leaf vein patterning

GENES & DEVELOPMENT 1021

 Cold Spring Harbor Laboratory Press on May 2, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


mains, indicating that continuity is already distorted
prior to any overt acquisition of vascular cell fates (Koi-
zumi et al. 2000).

As shown in Figure 6, lower-order PEDs in van3 mu-
tants are essentially continuous at their inception (Fig.
6H,I,K). The continuity of PEDs is contrasted by the sub-
sequent discontinuity of Athb8 expression domains (Fig.
6B,D,F), but the positions of midvein and second-order
veins coincide with those of PEDs and can be considered
as isolated fragments of initially continuous zones out-
lined by PIN1 expression. Remarkably, van3 mutants
also show the normal sequence of PED initiations, in-
cluding their origin near epidermal convergence points
and the successive formation of second-order vein loops
and higher-order venation, revealing an amazingly nor-
mal early vein ontogeny (Fig. 6H,I,K,L). However, PED
continuity is fragile in van3 mutants, leading to discon-
tinuous second-order PEDs in all loops beginning at 4
DAG (Fig. 6K,L).

Because higher-order veins occur at highly variable po-
sitions, using our methods, they cannot individually be
monitored shortly after their initiation. Nevertheless,
the fact that the percentage of continuous higher-order

veins is highest at their inception at 4 DAG and then
continuously decreases suggests an ontogeny similar to
that of lower-order PEDs (Fig. 6L,N–P). The fragmented
PEDs are not without substructure. Instead, subcellular
PIN1 polarity seems to be directed toward the brightest
cells within a PED in cell clusters that typically are
amorphous rather than extended (Fig. 6N–P). These
PIN1-expressing cell clusters correspond to amorphous
areas of Athb8�GUS expression (Fig. 6F).

In summary, perfect alignment of PEDs with vascular
differentiation zones in the van3 mutant indicates that
the primary defect lies in the maintenance rather than in
the initial establishment of a continuous vascular pat-
tern. The fact that the onset of fragmentation is reflected
already in a gradual decay of the PIN1 expression and
polarity pattern is consistent with an involvement of the
VAN3 ARF-GAP in promoting vascular continuity
through PIN genes.

Discussion

Among the patterning mechanisms in which auxin sig-
nal flow has been implicated (summarized in Leyser

Figure 6. Continuous vascular cell fate specification in vascular continuity mutant. Arabidopsis first-leaf primordia. Fractions in the
lower left corner reflect proportions of continuous marker expression domains/veins in each genotype (Supplementary Table S1).
Sample orientation and all in-figure information as in Figures 1 and 2. Fragmented vein segments are connected by blue lines. (A–F)
Pre-procambial cell fate acquisition (marked by Athb8�GUS expression) in wild-type (A,C,E) and van3 (B,D,F) leaves. Athb8�GUS
expression is generally faint and discontinuous in van3 mutants. The cell boundaries outlined in E and F demonstrate that pre-
procambial cells cannot be distinguished by cell shape from ground meristem cells (yellow) at the displayed stages. Note that at
6 DAG, pre-procambium arises in clusters rather than veins in van3 mutants. (G–I) Convergence point-initiated LLD1 formation in
van3 (H) leading to closed loop (I) as in wild type (G). (J–K) Equivalently positioned second-loop initiation in wild type (J) and van3 (K).
Note the discontinuous first loop in K. (L–P) Faint, heterogeneous, but largely continuous, PIN1:GFP expression in early higher-order
(h) PEDs (L), followed by increasingly heterogeneous (N,O) and entirely disconnected (P) PIN1 expression on the following days. By
6 DAG and later, the van3 PEDs (P) and subsequent xylem differentiation zones (R) have become entirely fragmented. (A–F) DIC
microscopy. (G–P) GFP fluorescence. (Q–R) Dark-field illumination. Bars: A,B,J,K, 20 µm; C,D, 50 µm; E–G,I,L–P, 10 µm; H, 5 µm; Q,R,
500 µm.
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2005), leaf venation patterns are particularly suited for
testing and refining of patterning models. They are land-
mark-rich, display growth-stage and species-specific
variations, and have become subject to increasingly pre-
cise mathematical simulation (Mitchison 1980; Kramer
2004; Rolland-Lagan and Prusinkiewicz 2005; Runions
et al. 2005). To dissect events associated with the selec-
tion of procambial cells from the leaf ground meristem,
we have visualized apparent routes of auxin flow and
associated cellular polarities during normal and experi-
mentally altered leaf vascular patterning. We show that
PIN1 expression precedes and converges toward sites of
procambium specification and that its subcellular polar-
ity strongly indicates auxin transport toward pre-exist-
ing vasculature. Intriguingly, we find that the position-
ing of the midvein and of second-order veins, which to-
gether set up the grid for reiterative higher-order vein
patterning, is associated with epidermal polarity conver-
gence points. The finding indicates a common mecha-
nistic basis for defining reference points in leaf and shoot
meristem patterning (Reinhardt et al. 2003). Our results
highlight the importance of auxin-flow continuity and
convergence to narrow routes as these are observed even
under experimentally or genetically altered conditions
and provide strong support for the notion of procambium
formation along routes of sustained auxin transport.
Moreover, this first detailed picture drawn by the repro-
ducible expression of PIN1 provides clues as to how to
reconcile signal-flow patterning with the formation of
closed vascular networks.

Subcellular PIN1 polarities in different vein orders

Expression profiles identify PIN1 as the most important
member of the PIN gene family in leaf procambium
formation. Reported compensatory misexpressions of
other PIN genes (Blilou et al. 2005; Vieten et al. 2005)
may buffer the severity of the pin1 mutant pheno-
type, but do not diminish its unique role in the wild-
type background. As determined in huge numbers of
confocal optical sections, the subcellular polarities of
PIN1:GFP in the formation of various vein orders are
remarkably reproducible. Given the vast numbers of par-
ticipating cells, leaf pre-procambial development dis-
plays an unprecedented degree of ordered cell polariza-
tion, strongly supporting its functional relevance in vein
formation.

The basic rules of PIN1 polarity in all veins are re-
markably simple. Generally, PIN1:GFP is localized to
the side of cells facing pre-existing vasculature, the pre-
sumed sinks of auxin flow. Therefore, in freely ending
PEDs, there is a single polarity along the entire domain
(Fig. 2). Also in connected PEDs, polarity is strictly regu-
lated and is generally directed toward pre-existing vas-
culature. Connected PEDs consist of no more than two
subdomains of antagonistic, outwardly polarized cells
(Fig. 2). In short, polarity in PEDs of all orders is directed
toward pre-existing vasculature, and whether it is uni-
form or bidirectional is entirely dependent on the vein’s
connectedness to other veins.

Freely ending and connected veins

The positions of PEDs and the subcellular localization of
PIN1:GFP toward the sink pole of developing freely end-
ing veins is consistent with general concepts of auxin-
flow-driven vascular patterning (Sachs 1989). Moreover,
initiation of PEDs at pre-existing veins and their subse-
quent extension away from them, opposite to the direc-
tion of auxin flow, is in line with a recent mathematical
simulation of the same concept, which predicts vein ini-
tiation away from the sink (Rolland-Lagan and Prusink-
iewicz 2005; e.g., see Fig. 7C, ULD extension from LLD).

Leaf venation patterns, however, do not only consist of
freely ending veins, but also comprise connected veins
and closed loops (Fig. 7A). Reconciling closed vein net-
works with a polar flow model has been subject to de-
bate, and even recent, otherwise highly accurate simu-
lations of natural venation patterns are specifically chal-
lenged when simulating the multitude of connections
within networks (Runions et al. 2005). This is not sur-
prising, because modeling had typically been based on
the final products, the mature venation patterns, and
could not take into account critical parameters of early
vein ontogeny. Analyzing vein formation at the PED
level illuminates the cellular environment in which
veins become connected, including critical features,
such as numbers, polarities, and presumptive auxin-
transport properties of participating cells. First, con-
nected PEDs comprise two stretches of opposite polarity.
Second, PEDs become connected early and within areas
of very few cells (Figs. 2Z, 7D). Third, while PEDs are
subsequently extended by intercalation (Fig. 7E), subcel-
lular polarities within them are maintained. Finally, the
development of the ULDs together with earlier observa-
tions (Scarpella et al. 2004) demonstrate that connected
veins can originate from freely ending veins. The most
likely scenario derived from these four observations is
that within fields of surprisingly few cells, extending
PEDs come in close proximity to other PEDs with cor-
respondingly high probability (Fig. 7D). As PED exten-
sion is driven by their function as signal sinks, there
should then be single cells exposed to two opposite
sinks, while still receiving signal from other neighboring
cells. This mechanism is formally equivalent to polarity
acquisition of intercalating cells during PED extension
(Fig. 7D,E), but involves PIN1 localization to opposite
poles within the same cell. Such bipolar cells are ob-
served in connected veins with high regularity, suggest-
ing that bipolar PIN1 localization is a cell biological pre-
requisite for the formation of closed vascular networks.

Formation of closed loops

Pronounced loops of second-order veins are hallmarks of
dicot leaf venation patterns and can be considered as a
conspicuous type of connected veins. We show that at
the PED level these closed loops can be resolved to be of
composite origin, with each of the two constituents fall-
ing into a more general category. This origin is, in fact,
recognizable in the mature pattern of higher leaves,
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where ULDs represent typical third-order connected
veins (Kang and Dengler 2004). Only in the most distal
part of a leaf, this origin is obscured by their amalgam-
ation with LLDs to form perfectly continuous loops (Fig.
7C). The ULD located directly at the leaf tip is unusually
curved toward the midvein, but this corresponds to un-
usually curved ground meristem cell arrangements in
this area (Mattsson et al. 1999), which are likely to in-
fluence auxin-transport routes (Fig. 7C). The LLD, in
turn, shares many characteristics with the midvein PED,
and those can be collectively classified as convergence
point-associated PEDs. In the emerging picture, there-
fore, all Arabidopsis vein types can be generated by two
basic ontogenies: convergence point-associated PEDs
(midvein and LLDs) and internally initiated PEDs (ULDs
and higher-order PEDs). The latter are initially freely
ending, but can become connected upon proximity to
other PEDs.

PEDs and auxin

Elevated auxin levels regularly lead to expanded PEDs.
This is most directly visible upon auxin application, but
is most likely also true in auxin-transport-inhibited pri-
mordia or, naturally, in rosette leaf primordia 3 and
higher. Interestingly, expanded PIN1 expression do-
mains narrow to one or few cell files at stages prior to
the expression of the earliest pre-procambial marker

Athb8�GUS, consistent with the notion that vascula-
ture is formed in the core areas of gradually restricted
domains of elevated auxin transport (Sachs 1981;
Rolland-Lagan and Prusinkiewicz 2005). This interpreta-
tion is further supported by the subcellular localization
of PIN1:GFP. While PIN1:GFP polarity may not be
strictly basal across wide PEDs, it is usually basal in the
PED center and is strictly basal once the PED has be-
come narrow (Figs. 2–5; Supplementary Figs. S2, S4).

Most importantly, auxin-application-induced PEDs
narrow down quickly. When IAA is applied to distal-
lateral positions in 5-DAG primordia, all ground meri-
stem cells in a proximal responsive region transiently
express PIN1, but the initially broad PED resolves to one
or more narrow domains within a day. These experi-
ments identify auxin as a sufficient signal for the induc-
tion of PIN1 expression in all ground meristem cells and
for the formation of entirely new veins. They further
enable visualization of the predicted involvement of all
surrounding ground meristem cells, which normally ex-
press PIN1 too weakly to be recorded. Upon auxin appli-
cation, PIN1 expression and polarity in these ground me-
ristem cells are consistent with their involvement in a
patterning process that competitively selects a preferred
route of auxin transport. The restriction of the observed
response to the proximal region demonstrates that the
patterning process is limited to ground meristem cells.
At the time of auxin application, ground meristem cells

Figure 7. Conceptual summary and model
interpretation (cf. animated vein ontogeny in
Supplementary Movie S1). (A) Definition of
vein orders (first, cyan; second, pink; higher,
purple), loop numbers (11–13, each derived
from corresponding LLD and ULD), freely
ending (f) and connected (c) veins, hydathode
(h), and proximo-distal positions as used in
the text. Simplified schemes of real Arabidop-
sis venation pattern (left) and of most basic
signal-flow prediction (right). Note that ac-
cording to the auxin signal flow concept, a
freely ending PED extends from its point of
attachment to pre-existing veins into the dis-
persed source areas. (B–D) PIN1-reported
auxin-flow routes (green) and orientations
(red arrows), and zones of pre-procambial
(blue) and procambial (brown) cell identity ac-
quisition. Three major additions to the basic
concept are derived from pre-procambial ob-
servations. First, convergence point forma-
tion: Patterning in the ground meristem is ex-
ternally triggered by auxin convergence in the
epidermis (orange in B,C). Polarity rever-
sal (Heisler et al. 2005) at the terminal convergence point may contribute to subsequent positioning of the lateral convergence points
(shown in C). Auxin internalization at convergence points initiates midvein and LLD formation in extremely small primordia. Second,
connected vein formation. PEDs become “connected” when cell numbers are very small (shown in D). This increases the probability
that ground meristem cells are exposed to the sink effect of two PEDs (pink-outlined cells with double arrows, D) and become bipolar
cells (cf. E). Third, closed terminal loop. Especially in very small primordia, the ground meristem cells are arranged in defined cell
layers (gray lines in C), which seems to predispose signal-flow routes. (E) PED extension by intercalation. Note that all cells are
expected to act as signal conduits (pink arrows in C, left, and in E; not drawn in other panels) toward sinks (green PEDs, red arrows).
Therefore, any cell inserted into a PED by rapid cell divisions (green-outlined cells) would very quickly adopt position-dependent
polarities and auxin-transport properties, thereby maintaining PED continuity. Note that the same mechanism accounts for bipolar
cell formation in C and D.
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are found in the subepidermal tissue of the proximal part
of the primordia, while subepidermal cells in the distal
part have begun to acquire mesophyll characteristics
(Pyke et al. 1991; Scarpella et al. 2004). Finally, the de-
pendence of PED narrowing on auxin transport is indi-
cated by their delayed restriction in NPA-treated leaf
primordia (Fig. 5; Supplementary Fig. S4), where their
size is remarkably proportional to the degree of auxin
transport inhibition.

Epidermal control of vein positions

The involvement of the epidermis in the specification of
first- and second-order veins has intriguing implications.
These veins define the basic architectures of dicotyle-
doneous venation patterns and, through epidermal con-
vergence points, are tightly linked to processes that set
up the leaf and its shape. It is conceivable that through
auxin-independent genetic control of convergence point
positions, divergent venation patterns could be rigidly
specified in various species. In Arabidopsis, however,
our results suggest that, within defined limits (below),
convergence point positioning is a self-organizing auxin-
transport-dependent process. Interestingly, we found
convergence points to be confined to the epidermis at the
leaf margin. Furthermore, also within the margin, the
competence window for convergence point formation in
response to applied auxin is restricted to the most im-
mature part of the primordium. This indicates that the
self-organizing process positioning convergence points is
integrated into a larger developmental context, through
which it is restricted to defined areas.

A self-organizing process selecting discrete epidermal
spots within a defined responsive zone bears striking re-
semblance to the proposed mechanism for leaf position-
ing in the shoot meristem (Reinhardt et al. 2003). Re-
stricted to the peripheral zone of the meristem, auxin
convergence and internalization at discrete spots in the
epidermis are thought to trigger processes in subepider-
mal tissues that include cell proliferation (leading to
primordium growth) and vascular strand (leaf trace) for-
mation (Fig. 2B; Reinhardt et al. 2003). Just as for con-
vergence points in leaves, auxin overload in shoot me-
ristems reduces lateral spacing and eventually leads to
primordium fusion (Reinhardt et al. 2000). A similar pic-
ture is seen in embryos, where NPA treatment leads to
fused cotyledons with multiple midveins (Liu et al.
1993). From this, it has been postulated that internaliza-
tion-mediated auxin depletion, likely together with po-
larity reversal events in the epidermis (Heisler et al.
2005), constitutes the cell biological basis for the lateral
inhibition mechanism that ensures proper phyllotactic
spacing. By analogy, second-order veins could be appro-
priately spaced, because each newly formed PED acts as
a sink locally draining auxin from the epidermis (Fig.
7B,C). Alternatively, or more likely in addition, dynamic
processes within the epidermis margin itself may lead
to local auxin accumulation. These dynamic processes
seem to involve coordinated, nonlinear responses of epi-
dermal cells to auxin, since internalization and/or polar-

ity reversals are restricted to sharply defined areas and
stages. The cell-biological basis of those responses is still
rather elusive, but if they involve positive feedback to
auxin accumulation, it is plausible that auxin overload
leads to a reduced spacing of such focal spots. Auxin has
long been postulated to act as a fairly universal coordi-
nating signal, whose precise informational content is de-
pendent on the developmental context. The involve-
ment of convergence points in major vein formation is
an impressive example of such context modulation. If
convergence point patterning in leaves and shoot me-
ristems shares a common cell-biological basis, its
mechanistic dissection may benefit from the simple,
one-dimensional arrangement of margin cells around the
leaf circumference.

Materials and methods

Plant material and growth conditions

The origins of all the marker lines are described in Supplemen-
tary Table S3. The SALK line 069166 (Alonso et al. 2003) carries
a T-DNA insertion downstream of position +222 (i.e., position
42,161,799 of chromosome 5) of the VAN3 gene (At5g13300)
(Koizumi et al. 2005). Insertion was confirmed by genomic PCR
with a VAN3 gene-specific primer (5�-TCGTTTATGGCGTCT
GTGTGAGA-3�) and the LBb1 primer (5�-GCGTGGACCGCT
TGCTGCAACT-3�).

In all experiments, seeds were surface sterilized, synchro-
nized, and germinated on growth medium at the approximate
density of 1 seed/cm2 as described (Scarpella et al. 2004). Sealed
plates were incubated at 25°C under continuous fluorescent
light (100 µE m−2 sec−1). We define “days after germination”
(DAG) as days after exposure of imbibed seeds to light. To study
the development of leaf 3 and higher, which we collectively
refer to as “higher leaves,” 2-DAG seedlings were transferred to
growth medium in Magenta GA-7 vessels (Sigma) at the ap-
proximate density of 0.25 seedling/cm2 and grown at 25°C un-
der continuous fluorescent light (100 µE m−2 sec−1).

Auxin application

For local auxin treatments of first-leaf primordia, IAA (Sigma) at
10% (w/v) (final concentration) was dissolved in a prewarmed
paste consisting of lanolin (Sigma) and a liposoluble red dye
(Procter & Gamble). The paste was manually applied to one side
of one first-leaf primordium of each 5-DAG seedling with insect
pins (0.1 mm diameter; Fine Science Tools, Inc.) and an oph-
thalmic surgical pin holder (Fine Science Tools, Inc.). The red
dye in the lanolin paste allowed the recognition of the applica-
tion site on each primordium. Control 5-DAG leaf primordia
were mock-treated with the red lanolin paste only.

Auxin transport inhibition

To study the effects of auxin transport inhibition on first-leaf
development, seeds were germinated on growth medium
supplemented with defined concentrations of 1-N-naphthyl-
phthalamic acid (NPA; Chem Service). Thus, first-leaf primor-
dia were exposed to NPA 1 d before they became visible, which
occurs at 1 DAG (Fig. 2B). Third-leaf primordia became visible
at 3 DAG (Fig. 3D). Therefore, for auxin transport inhibition
treatments of third-leaf primordia that were comparable to
those performed on first-leaf primordia, 2-DAG seedlings were
transferred to growth medium supplemented with defined NPA

Arabidopsis leaf vein patterning

GENES & DEVELOPMENT 1025

 Cold Spring Harbor Laboratory Press on May 2, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


concentrations. For even NPA exposure, seedlings were sub-
merged in a 2-mL film of liquid growth medium supplemented
with the same NPA concentration present in the solid growth
medium.

Microtechniques and microscopy

Histochemical detection of GUS activity, fixation, and clearing
were performed as described (Scarpella et al. 2004). Detailed
staining conditions are provided in Supplementary Table S4.
Samples were viewed with a Leica MZFLIII stereomicroscope
(Leica Microsystems) equipped with a Canon EOS D60 digital
camera (Canon, Inc.), with a Zeiss Axio Imager.Z1 microscope
equipped with an AxioCam HRm digital camera (Carl Zeiss), or
with an Olympus BX51 microscope (Olympus Optical Co.)
equipped with a Photometrix CoolSnap fx digital camera (Roper
Scientific) and a MicroColor liquid crystal tunable RGB filter
(Cambridge Research & Instrumentation, Inc.).

For confocal laser scanning microscopy, dissected leaf primor-
dia were mounted in water and observed with a Zeiss Axiovert
100M microscope equipped with a Zeiss LSM510 laser module
confocal unit (Carl Zeiss). GFP was visualized with the 488-nm
line of an Argon laser at 50%–55% of output and 4%–10%
transmission, and with either a 505–530- or a 500–550-nm band-
pass filter. Signal-to-noise ratio was increased during image ac-
quisition by four-frame averaging (Russ 1995), and post-acqui-
sition by neighborhood averaging with a 9 × 9 Gaussian kernel
with a standard deviation radius of 1 pixel (Russ 1995; van Kem-
pen et al. 1997). Because the human eye cannot distinguish all
256 different levels of brightness (Russ 1995; Young et al. 1998),
to increase perception of monochromatic shades, and thus con-
vey the spectral detection range under which the data were
acquired, critical fluorescence images were turned into 8-bit
gray-scaled images and pseudocolored with the rainbow spec-
trum look-up-table (LUT) of ImageJ (National Institutes of
Health, http://rsb.info.nih.gov/ij).

All images were assembled using Adobe Photoshop 7.0
(Adobe Systems), and figures were labeled using Canvas X (ACD
Systems Ltd.).
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