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To investigate possible roles of polar auxin transport in vein
patterning, cotyledon and leaf vein patterns were compared for
plants grown in medium containing polar auxin transport inhibitors
(N-1-naphthylphthalamic acid, 9-hydroxyfluorene-9-carboxylic acid,
and 2,3,5-triiodobenzoic acid) and in medium containing a less
well-characterized inhibitor of auxin-mediated processes, 2-(p-
chlorophynoxy)-2-methylpropionic acid. Cotyledon vein pattern
was not affected by any inhibitor treatments, although vein mor-
phology was altered. In contrast, leaf vein pattern was affected by
inhibitor treatments. Growth in polar auxin transport inhibitors
resulted in leaves that lacked vascular continuity through the peti-
ole and had broad, loosely organized midveins, an increased num-
ber of secondary veins, and a dense band of misshapen tracheary
elements adjacent to the leaf margin. Analysis of leaf vein pattern
developmental time courses suggested that the primary vein did not
develop in polar auxin transport inhibitor-grown plants, and that
the broad midvein observed in these seedlings resulted from the
coalescence of proximal regions of secondary veins. Possible mod-
els for leaf vein patterning that could account for these observations
are discussed.

In all plants, efficient delivery of water and dissolved
nutrients and transfer of fixed carbon are vital for plant
survival. The challenge of this material transfer is espe-
cially acute in leaves, because this is where most fixed
carbon is produced, and because the high surface area to
volume ratio can result in significant water loss. Plants
solve this problem through the development of an inte-
grated network of veins (the vascular system) that inter-
connect all parts of the plant. The veins are composed of
two tissues, xylem and phloem, which function to trans-
port water and photosynthate, respectively. Within the
leaf, some veins connect to the main vascular system in the
stem, and others extend through the lamina. In dicots, it is
the central midvein (or primary vein) that extends in the
proximal/distal axis and connects with the vascular tissue
of the stem, while secondary veins branch from the mid-
vein, and additional smaller veins (minor veins) intercon-
nect the larger veins and provide access to the vascular
system for cells that are distant from the major veins. These
basic pattern elements can appear in distinctly different
patterns in different groups of plants.

Mechanisms controlling leaf vein pattern are poorly un-
derstood (Nelson and Dengler, 1997). Many studies have

indicated that the hormone auxin is important for the
induction of vascular tissue development (Jacobs, 1952;
Fosket and Roberts, 1964; Fukuda and Komamine, 1980;
Klee et al., 1987; Romano et al., 1991; Aloni, 1995). Auxin is
synthesized in apical portions of the plant (leaf primordia)
and is transported basipetally through the plant. Position-
ing of auxin efflux carriers on the basal end of specialized
cells has been proposed to serve as the driving force for this
basipetal movement (Goldsmith, 1977; Lomax et al., 1995).
Auxin transport has been shown to occur through cells that
are either within or adjacent to vascular tissue (Wanger-
mann, 1974; Morris and Thomas, 1978). Increased concen-
trations of auxin in the vascular cambium due to basipetal
transport has also been shown to be important for the
delivery of sufficient auxin to activate mitosis in vascular
cambium (Uggla et al., 1996), to influence the size of the
differentiating tracheary elements (Sheldrake and North-
cote, 1968), and to serve as the signal for different vascular
cell type specification (Uggla et al., 1996, 1998; Tuominen et
al., 1997).

A model that integrates the biology of auxin synthesis,
auxin movement, and auxin’s role in vascular tissue devel-
opment to explain vein patterning has been proposed by
Sachs (1981, 1991). This model, called the canalization of
auxin flow hypothesis, proposes that one response to ele-
vated auxin levels is the induction of cells that are special-
ized for auxin polar transport. These specialized cells are
proposed to elongate and position auxin efflux carriers on
their basal membrane. Functioning of these cells would
result in the release of auxin at their basal end, which
would then induce an adjacent cell to also specialize for
polar auxin transport. Because the establishment of polar
auxin transport paths both delivers auxin to underlying
cells and removes auxin from adjacent tissues, the net
result is the establishment of files of cells, or canalized
paths, for auxin transport. Furthermore, these canalized
paths of auxin transport are proposed to provide the posi-
tional cues that define vein positions, a suggestion sup-
ported by auxin’s role in vascular cell type induction and
the association of auxin polar transporting cells with veins
in stems.

Data to support this model come from several sources.
Detailed observations of wound repair of severed stem
veins has shown that the polarity of repair is consistent
with the polar transport of auxin, and that interrupting this
transport prevents repair (Jacobs, 1952; Fosket and Roberts,
1964; Sachs, 1981). Observations of abnormal tissue-
culture-derived carnation plants showed that decreased
vascular tissue was accompanied by a loss of polar auxin
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transport in leaves (Gersani et al., 1986). Callus cultures,
manipulated such that auxin gradients were created, were
able to respond by differentiation of veins (Wetmore and
Rier, 1963).

Several Arabidopsis mutants with altered veins have
been described. For example, the pin-formed (pin) and lopped
(lop1) mutants have vascular defects and decreased auxin
transport in their stems (Okada et al., 1991; Bennett, 1995;
Carland and McHale, 1996; Gälweiler et al., 1998). The
auxin-resistant mutant axr1 has reduced auxin responses,
and mutants show a subtle decrease in the size of vascular
bundles in their stems (Lincoln et al., 1990). Finally, the
MONOPTEROS (MP) gene product has similarity to pro-
tein motifs that bind auxin response elements located in
promoters of some auxin-inducible genes (Hardtke and
Berleth, 1998). Mutants of mp display a variety of defects
ranging from the lack of a root and hypocotyl to disconti-
nuities in both cotyledon and leaf veins (Przemeck et al.,
1996). The connection between the mp vein discontinuity
phenotype and the predicted gene function of MP in auxin
responses provides some of the strongest evidence linking
auxin and vascular pattern. Nevertheless, elements of vas-
cular pattern still remain with all of these mutants, and a
clear picture of how auxin and the auxin signaling pathway
confers vascular pattern throughout the plant has yet to
emerge.

Auxin inhibitors provide an additional tool for investi-
gating the role of auxin in development. For example, a
pivotal role for auxin polar transport in the establishment
of bilateral symmetry in embryos has been shown by com-
paring embryos cultured with or without auxin transport
inhibitors (Shiavone and Cooke, 1987; Liu et al., 1993;
Fischer and Neuhaus, 1996). Furthermore, that embryo
bilateral symmetry was blocked by culture in medium
containing either synthetic auxins or 2,3,5-triiodobenzoic
acid (TIBA, a polar auxin transport inhibitor), but was
not blocked by culture in medium containing 2-(p-
chlorophynoxy)-2-methylpropionic acid (PCIB), indicates
that this developmental step specifically required polar
auxin transport (Fischer and Neuhaus, 1996).

In the present study, the effects of growing plants in the
presence of polar auxin transport inhibitors on leaf and
cotyledon vein pattern were studied. Disruption of polar
auxin transport results in abnormal vein formation in
cotyledons and multiple defects in leaf vein pattern.
These effects are discussed in terms of models for leaf
vein patterning.

MATERIALS AND METHODS

Plant Growth

Arabidopsis ecotypes Landsberg erecta and Columbia-0
were grown in sterile growth medium that contained 0.53
Murashige and Skoog salts (Sigma, St. Louis), 1% (w/v)
Suc, 0.5 g/L 2-[N-morpholino]HEPES (MES), pH 5.8
(KOH), 0.8% (w/v) Phytagar (Gibco-BRL, Gaithersburg,
MD). Auxin inhibitor stocks were prepared in ethanol.
TIBA, 9-hydroxyfluorene-9-carboxylic acid (HFCA), and

PCIB were obtained from Sigma, and N-1-naphthylphtha-
lamic acid (NPA) was obtained from Chemical Service
(Westchester, PA). Seeds were surface-sterilized by immer-
sion in a solution of 50% (v/v) bleach and 0.02% (v/v)
Triton X-100 (Sigma) for 7 min, and rinsed three times with
sterile deionized water prior to plating. Plates were sealed
with gas-permeable tape and incubated for 2 d in the dark
at 4°C. Plates were then incubated at 24°C under constant
illumination (approximately 100 mm m22 s21). Seedling
development was measured in terms of days post imbibi-
tion (DPI). Thus, a 3-DPI seedling is one that had been
placed into the growth chamber 72 h earlier.

Tissue Fixation

Plant tissue was fixed by immersing it in a 3:1 mixture of
ethanol:acetic acid overnight. Chlorophyll was then re-
moved by passage of the tissue through 80%, 90%, 95%,
and 100% (v/v) ethanol. The tissue was cleared by incuba-
tion overnight in saturated chloral hydrate (Sigma).

Microscopy

Tissue was mounted in saturated chloral hydrate and
visualized with dark-field and differential interference con-
trast optics using a microscope (model BX-50, Olympus,
Tokyo).

Gravitropism Measurements

Gravitropism measurements were obtained by counting
the number of seedlings whose roots penetrated the 0.8%
(w/v) agar medium of a horizontally incubated plate at 7
DPI, and expressing this number as a percentage of the
total number of seedlings on the plate.

Cotyledon Vascular Tissue

Dry seeds were imbibed in 70% (v/v) ethanol overnight,
and the embryos were removed and cleared in aqueous
chloral hydrate as described above.

RESULTS

The goal of this study was to investigate whether auxin
plays a role in patterning of leaf and cotyledon vascular
tissue. To address this question, I analyzed Arabidopsis
seedlings grown in the presence of two classes of auxin
inhibitors. The first class, polar auxin transport inhibitors,
included NPA, TIBA, and HFCA (Krelle and Libbert, 1968;
Thomson et al., 1973). The second class of inhibitor, which
interferes with auxin activities but is not a polar auxin
transport inhibitor, was represented by a single compound,
PCIB (McRae and Bonner, 1953; Foster et al., 1955; Evans
and Hokanson, 1969). For each of the four inhibitors, seed-
lings were grown on sterile medium containing varying
concentrations of each auxin inhibitor, and the effects on
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overall seedling development, vein development in cotyle-
dons, and vein development in leaves was assessed.

Auxin Inhibitor Effects on Seedling Development

I first analyzed the effects of the auxin inhibitors at the
whole-plant level. Table I summarizes the effects of these
inhibitors on cotyledon morphology, leaf morphology, leaf
fusion, inflorescence morphology, and root growth. Repre-
sentative polar auxin transport-inhibitor-grown seedlings
are shown in Figure 1. Cotyledon morphology, leaf mor-
phology, and root growth were affected by both inhibitor
classes. Cotyledons and leaves were reduced in size and
curved downward (epinastic). Roots were stunted and
club-shaped for NPA-grown tissue, and root growth oc-

curred in a random orientation instead of being oriented in
a downward direction. Because these effects occurred as a
result of both inhibitor class treatments, they were proba-
bly caused by a general perturbation of auxin conditions.

Leaf size was affected by both inhibitor classes (Table I;
Fig. 1), and the polar auxin transport inhibitors also af-
fected leaf shape (Fig. 1). Leaf size was similar among the
control, 1, 5, and 10 mm treatments, but at higher concen-
trations was progressively reduced. I observed a diversity
of leaf shapes among seedlings grown at low to moderate
concentrations of the polar auxin transport inhibitors.
Three seedlings with different leaf shapes, but grown on
the same plate of medium containing 10 mm HFCA are
shown in Figure 1. Leaf shape ranged from long and nar-
row to short and wide. At higher inhibitor concentrations,

Table I. Effect of auxin inhibitors on Arabidopsis seedling development
Cotyledon and leaf morphology: sl. st., slightly stunted; v. st., very; stunted; st., stunted; chl.,

chlorotic; ep., epinastic. Leaf fusion: percent indicates proportion seedlings showing any fusion of first
leaf pair, numbers in parenthesis indicate the number of seedlings scored. Abnormal inflorescence
morphologies included inflorescences containing flowers with reduced numbers of stamens and
increased numbers of petals and inflorescences devoid of flowers and that resembled pin-like structures.
Root gravitropism was scored by assessing whether roots penetrated the agar; numbers in parenthesis
indicate number scored.; **, roots too short to score; #, scoring based on a small fraction of plants with
roots more than 1 cm.

Inhibitor/
Treatment

Cotyledon
Morphology

Leaf Morphology Leaf Fusion
Inflorescence
Morphology

Root
Gravitropism

mM

HFCA
0 Normal Normal Not obs. Normal 88 (50)
1 Normal Normal 3% (157) Normal 92 (50)
5 Normal Normal 9% (189) Abnormal 14 (50)

10 Normal; ep. Normal 16% (125) Abnormal 8 (50)
30 sl. st.; ep. sl. st. 18% (147) Abnormal 0 (20)#
50 v. st.; ep. v. st. 16% (169) Abnormal **

100 v. st.; chl.; ep. v. st.; chl. 14% (192) Abnormal **
TIBA

0 Normal Normal Not obs. Normal 85 (69)
1 Normal Normal 6% (144) Normal 38 (86)
5 sl. st. sl. st. 12% (156) Abnormal 16 (96)

10 sl. st; ep. sl. st.; ep. 11% (181) Abnormal 5.8 (104)
30 sl. st.; ep. sl. st.; chl.; ep. 22% (196) Abnormal 0 (113)
50 v. st.; chl.; ep. v. st; chl.; ep. 15% (112) Abnormal **

100 v. st.; – – – **
NPA

0 Normal Normal Not obs. Normal 90 (49)
1 Normal sl. st. 21% (194) Normal 39 (44)
5 Normal; ep. sl. st. 18% (170) Abnormal 14 (63)

10 Normal; ep. st. 16% (222) Abnormal 4 (66)
30 st.; ep. st. 15% (155) Abnormal 3 (64)
50 v. st.; ep. v. st. 7% (182) Abnormal **

100 v. st.; ep. v. st. 1% (160) Abnormal **
PCIB

0 Normal Normal Not obs. Normal 85 (120)
1 Normal Normal Not obs. Normal 60 (148)
5 Normal Normal Not obs. Normal 77 (106)

10 Normal Normal Not obs. Normal 64 (115)
30 sl. st.; sl. st. Not obs. Normal 18 (89)
50 v. st.; ep. st.a; ep. Not obs. Normal 16 (100)

100 v. st., chl., ep. v. st.a; chl.; ep. Not obs. Normal **
a Some plants grown in 50 and 100 mM PCIB produced narrow and elongate leaves, data not shown.
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the long narrow class of leaf shape disappeared, and all
treated plants contained short wide leaves.

Leaf fusion and inflorescence morphology were affected
by only one class of auxin inhibitors, the auxin polar trans-
port inhibitors (Table I). In contrast to normal leaves, some
seedlings grown on auxin polar transport inhibitors had
leaves fused between 20% and 100% of their length. These
fused leaves resembled the array of fused cotyledons that
are observed among embryos with compromised auxin
polar transport (Liu et al., 1993; Bennett et al., 1995; Hadfi
et al., 1998). These observations suggest that for leaves, as
for cotyledons, transport of auxin is important for the
definition of organ boundaries. Two types of abnormal
inflorescences were observed. At low inhibitor concentra-
tions, abnormal inflorescences most commonly contained
flowers with reduced stamen number and increased petal
number, and at higher concentrations, inflorescences de-
void of flowers and resembling pin-like structures, were
also present. This inflorescence morphology matched that
described previously for plants grown in the presence of
polar auxin transport inhibitors (Okada et al., 1991). Be-
cause the fused leaves and altered inflorescences were only
observed in plants treated with polar auxin transport in-
hibitors, these changes probably result specifically from the
loss of auxin polar transport.

Cotyledon Vein Pattern

Untreated Seedlings

I characterized the cotyledon vein pattern in untreated
Arabidopsis seedlings. The typical pattern for mature cot-
yledons is depicted in Figure 2A and shown in Figure 3A.
Two types of veins are present, a midvein (or primary vein)
and several secondary veins that branch from the midvein
and then unite to form areoles (a space delimited by veins).

Figure 1. Eleven-day-old seedlings grown in the presence of HFCA. The 10 mM HFCA panel on the lower right shows three
extremes of leaf shape observed among Ler seedlings grown on the same plate. n, A seedling with long narrow leaves; w,
a seedling with short wide leaves; and f, a seedling with fused first leaf pair. Size bars 5 1 mm.

Figure 2. Cotyledon and leaf vein patterns. A, Normal cotyledon
vein pattern. mv, Midvein; ds, distal secondary vein; ps, proximal
secondary vein; d, distal areole; p, proximal areole. B, Leaf vein
pattern of an untreated leaf. C, Leaf vein pattern typical of a seedling
treated with polar auxin transport inhibitors. The thick gray line
represents a broad band of disorganized TEs. D, Early vein develop-
ment in a normal leaf. Dashed lines represent provascular tissue and
solid lines represent veins containing TEs. E, Early leaf vein devel-
opment in a seedling grown in the presence of polar auxin transport
inhibitors. Dashed and solid lines are as in the untreated leaves. The
gray line represents the band of misshapen TEs that accumulate
around the leaf margin.
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Most often, four secondary veins and four areoles were
formed (59%, n 5 200 L. er cotyledons). A common devia-
tion from this pattern was the failure of one (29%) or both
(12%) of the proximal secondary veins to connect with the
midvein, thus forming cotyledons that had only three or
two areoles, respectively (Fig. 3B). Infrequently (7%), a fifth
secondary vein (Fig. 3C) or a short spur of vascular tissue
(arrow in Fig. 3A) was also observed. The Col-0 ecotype
showed similar cotyledon vein patterns.

Because my experimental plan was to examine the influ-
ence of auxin inhibitors on vascular tissue development by
germinating seeds on medium containing the inhibitors, it
was important to know the status of cotyledon vascular
tissue in dry seed embryos. Vascular tissue arises from the
recruitment of undifferentiated cells in organ primordia.
The recruited cells first elongate to form provascular tissue
and then differentiate into cells of the xylem and phloem
(Northcote, 1995). It was possible that cotyledons of dry
seeds could have fully differentiated vascular tissue, pro-
vascular tissue, or neither of these. Observations of more
than 20 cotyledons dissected from dry seed embryos
showed that all contained provascular tissue in the typical
cotyledon pattern (Fig. 3D), indicating that cotyledon vein
pattern is established during embryogenesis.

Because provascular tissue is already present in the dry
seed embryo, the next question was to determine when
cotyledon provascular tissue differentiates. I used trac-
heary elements (TEs) as a marker for vascular tissue dif-
ferentiation. TEs are the water-conducting cells of the xy-
lem, and are narrow, elongated cells arranged end-to-end
in linear files. These cells can be identified by their second-
ary cell wall, which in Arabidopsis seedlings is usually
arranged either as a spiral or as coaxial rings. At 1 DPI,
cotyledons contained provascular tissue, but no differenti-
ated TEs were observed. At 2 DPI, differentiated TEs were
occasionally observed (approximately 40% of the 2-DPI
cotyledons examined), and these TEs were generally re-
stricted to the midvein. By 3 DPI, files of TEs were ob-
served in the midvein and the two distal secondary veins
(Fig. 3E). By 4 DPI, I observed TEs in all of the cotyledon
veins. These observations indicate that TEs in the cotyledon

veins begin to be formed at approximately 2 DPI, and that
the cotyledon secondary veins appear in a sequential order,
with the distal veins differentiating prior to the proximal
secondary veins.

Auxin-Inhibited Seedlings

I scored cotyledon vein pattern and vein morphology in
50 inhibitor-treated cotyledons from each treatment and
compared them with the untreated control. No differences
in cotyledon vein pattern were observed, consistent with
cotyledon vein pattern being established during embryo-
genesis. Cotyledon vein morphology, however, was af-
fected by the inhibitor treatment. Vein morphology in
inhibitor-treated seedlings varied from that of untreated
seedlings in three ways. First, the veins appeared thicker
because they contained more files of TEs (Fig. 4). Second,
some TEs were observed outside of the normal vein files
(ectopic TEs, Fig. 4). These ectopic TEs were typically either
solitary or short files of two to four cells. Third, some TEs
in cotyledons of inhibitor-treated plants were misshapen,
with a variety of rounded shapes, in contrast to the narrow,
elongated TEs in the untreated tissue (Fig. 4). These three
changes were observed in seedlings treated with both in-
hibitor classes (Table II). The appearance of misshapen and
ectopic TEs suggests that interfering with auxin conditions
results in cells outside of normal vein positions being re-
cruited to a TE fate.

Auxin Inhibitors Affect Leaf Vein Pattern

To determine whether auxin inhibitors affect leaf vein
pattern, I grew Arabidopsis seedlings in the presence of
auxin inhibitors and compared leaf vein pattern to that of
noninhibited controls. Leaf vein pattern for Arabidopsis
has been described previously (Nelson and Dengler, 1997;
Kinsman and Pyke, 1998; Van Lijsebettens and Clarke,
1998; Candela et al., 1999) and is shown in Figures 5A and
2B. Like cotyledons, leaves contain a central midvein (pri-
mary vein) and secondary veins that branch from the mid-

Figure 3. Cotyledon vein pattern. A, Dark-field view of the typical cotyledon vein pattern in an 11-DPI Ler seedling; arrow
indicates a spur of vascular tissue. B, Dark-field view of an 11-DPI Col-0 cotyledon, in this cotyledon only three areoles
formed. C, Dark-field view of an 11-DPI Ler cotyledon in which a fifth secondary vein was formed. D, Ler cotyledon from
a dry seed embryo, differential interference contrast optics. Arrows point to a network of elongated cells (provascular tissue)
that is present in the typical cotyledon vein pattern. E, Cotyledon of a 3-DPI Ler seedling, TEs have differentiated in the
midvein and are partially formed in the two distal secondary veins. Size bars in A through C 5 1 mm; in D and E 5 100 mm.
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vein. However, in contrast to cotyledons, leaves typically
contain six to eight secondary veins, as well as veins that
bridge the other veins or form free-ending veinlets (minor
veins) (Nelson and Dengler, 1997).

The leaf vein pattern of auxin inhibitor-treated seedlings
differed from the untreated seedlings (Fig. 5). In addition,
there were some differences in the leaf vein pattern be-
tween the two inhibitor classes. For the polar auxin trans-
port inhibitors (NPA, HFCA, and TIBA), the most pro-
nounced effects on leaf veins were alterations in the
midvein and in the veins adjacent to the leaf margin (Figs.
5, B–D, and 2C). Leaves of polar auxin transport inhibitor-
grown seedlings differed from those of untreated seedlings
in five ways: (a) there was often space between some TE
cell files; (b) the midvein was often bifurcated; (c) more
secondary veins branched from the midvein; (d) the mid-
vein was much thicker; and (e) the midvein was not con-
tinuous with the stem vascular tissue, but instead termi-
nated in the petiole (compare untreated tissue, Fig. 5E, with
polar auxin transport inhibitor-treated tissue in Fig. 5, I and

J). The veins adjacent to the leaf margin of the polar auxin
transport inhibitor-grown seedlings differed in that a thick
band of TEs extended around the leaf margin (compare Fig.
5, K and L). These TEs were a combination of normal-
appearing, elongated TEs and rounded, misshapen TEs
(Fig. 5L). These changes were observed with all three polar
auxin transport inhibitors.

The leaf vein pattern for seedlings grown in medium
containing the second auxin inhibitor class (PCIB) showed
a subset of the defects observed for the polar auxin trans-
port inhibitors (Fig. 5, F–H). As in the polar auxin transport
inhibitor-grown seedlings, the midvein was thicker and
spaces between TE cell files were evident. However, the
midvein was continuous with the stem at all concentrations
tested (up to 100 mm). The veins at the leaf margin of the
PCIB-grown leaves appeared the same as those of the polar
auxin transport inhibitor-grown seedlings. At intermediate
concentrations, leaves contained a greater number of veins,
however, the overall pattern was similar to that of wild
type (Fig. 5G).

Figure 4. Vein pattern of cotyledon from auxin polar transport inhibitor-grown seedlings. The top row are dark-field images
of Ler cotyledons from plants grown in the presence of the polar auxin transport inhibitor HFCA. The bottom row contains
differential interference contrast images of the midvein between or adjacent to the branch site of the distal secondary. Arrows
with an “e” point to short files of ectopic TEs, arrows with “se” point to solitary ectopic tracheary elements, and arrows with
an “m” point to ectopic misshapen tracheary elements. Size bars for the top row 5 1 mm; for the bottom row 5 100 mm.

Table II. Auxin inhibitor effects on cotyledon veins
E, Ectopic TEs; M, misshapen TEs; T, thick veins composed of more files of TEs than the same vein

in the untreated control; *, lethal dose; (T, E), thick veins and ectopic TEs observed in approximately
one-half of the samples examined.

Inhibitor 1 mM 5 mM 10 mM 30 mM 50 mM 100 mM

HFCA Normal E, M E, M, T E, M, T E, M, T E, M, T
TIBA Normal E, M, T E, M, T E, M, T E, M, T *
NPA (T, E) E, M, T E, M, T E, M, T E, M, T E, M, T
PCIB Normal Normal Normal E, M E, M, T E, M, T
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Development of Leaf Vein Patterns

To understand the developmental basis for the changes
in leaf vein pattern in the inhibitor-grown seedlings, I
compared a developmental time course (3–19 DPI) for un-
treated and polar auxin transport inhibitor-grown seed-
lings (Fig. 6, and depicted in Fig. 2, D and E).

Untreated Seedlings

Development of leaf vein pattern in untreated seedlings
is shown in Figure 6 and depicted in Figure 2D. At 3 DPI,

there was no vascular or provascular tissue in the leaf
primordia (Fig. 6). At 4 DPI, the leaf primordia contained a
single strand of provascular tissue that was continuous
with the stem vascular tissue and extended to approxi-
mately the center of the leaf primordia (Fig. 6). This loca-
tion of the provascular tissue suggested that it was the
nascent primary vein.

At 5 DPI, the primary vein provascular tissue extended
to the apex of the developing leaf, and files of TEs were
present in the proximal regions of the midvein (Fig. 6). In
addition, provascular tissue for two secondary veins was
present; each provascular strand extended from the mid-

Figure 5. Auxin inhibitors affect leaf vein pattern. A, Normal, untreated leaf vein pattern (11 DPI); B, vein pattern of an
11-DPI seedling grown in medium containing 1 mM NPA; C, vein pattern of an 11-DPI seedling grown in medium containing
10 mM NPA; D, vein pattern of an 11-DPI seedling grown in medium containing 100 mM NPA; E, petiole/hypocotyl junction
of an untreated 11-DPI seedling; F, first leaf of an 11-DPI seedling grown in medium containing 1 mM PCIB; G, first leaf of
an 11-DPI seedling grown in medium containing 10 mM PCIB; H, First leaf of an 11-DPI seedling grown in medium
containing 100 mM PCIB; I and J, petiole/hypocotyl junction from plant grown in 100 mM NPA; K, vein along margin of
untreated leaf; and L, vein from along margin of 10 mM NPA-treated leaf. Size bars for A through D and F through H 5 1
mm; for E, I, and K 5 200 mm; and for J and L 5 100 mm.
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Figure 6. Development of leaf vein pattern in control and polar auxin transport-inhibited plants. The top two rows show the
vein pattern of the first leaf from a developmental time course of control plants. The bottom two rows show the same time
points for the first leaf of seedlings grown in the presence of 10 mM HFCA, a polar auxin transport inhibitor. Arrows in the
5- and 6-DPI HFCA-treated leaf primordium indicate files of provascular tissue. Time is indicated as DPI, days post
imbibition. Size bars for 3- to 6-DPI leaves (control and HFCA-treated) 5 100 mm; for 7-DPI leaves (control and
HFCA-treated) and 8-DPI HFCA-treated 5 200 mm; for 8- to 19-DPI control and 9- to 19-DPI HFCA-treated 5 1 mm.
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point of the midvein into the developing blade region and
joined the midvein at its distal end (Fig. 6).

At 6 DPI, TEs were present all the way to the distal end
of the primary vein, and along the entire length of the
distal-most secondary veins. Proximal to these secondary
veins were provascular strands for the next set of second-
ary veins (Fig. 6). At 7 DPI, this second pair of secondary
veins contained files of TEs (Fig. 6). Additional secondary
veins were present as provascular strands in more proxi-
mal positions. In addition, the 7-DPI leaves also contained
many strands of provascular tissue that bridged either
established veins or other provascular tissue. Because of
their positions, these provascular strands were likely to be
the precursors of minor veins.

At 8 DPI, the leaves displayed a diverse array of vein
patterns; in general, I observed TEs in three to five addi-
tional veins (relative to the 7-DPI leaves) (Fig. 6), and many
more strands of provascular tissue. At 9 DPI, leaves con-
tained an essentially complete leaf vein pattern (Fig. 6).
Most of the veins contained TEs, the only exceptions being
three to five veins in proximal regions of the leaf that
contained some provascular segments devoid of TEs. At 10
DPI, leaf provascular segments were not detected, and the
leaf vein pattern was the same as that in 10- to 19-DPI
leaves (Fig. 6 shows 11- and 19-DPI leaves).

These observations reveal several steps in leaf vein pat-
terning. First, the timing of appearance of the midvein and
secondary veins differ; the primary vein can be observed in
4 DPI leaves, whereas no secondary veins were observed
until 5 DPI or later time points. Second, the primary vein
develops in an acropetal direction; both provascular tissue
and TEs are first observed in proximal regions, and later in
the distal regions of the midvein. Third, the secondary
veins appear sequentially; the first secondary veins to de-
velop appear at the distal end of the leaf, and subsequent
secondary veins appear in more proximal regions. Finally,
under these growth conditions, vein pattern is complete by
8 DPI.

Polar Auxin Transport Inhibitor-Treated Seedlings

The development of leaf vein pattern in inhibitor-treated
seedlings is shown in Figure 6 and is depicted in Figure 2E.
At both 3 and 4 DPI, there was no vascular or provascular
tissue in leaf primordia of polar transport inhibitor-treated
seedlings (Fig. 6). At 5 DPI, between two and four files of
provascular tissue were detected (Fig. 6). These cell files
extended through the center of the blade, between the
distal end of the leaf and proximal regions of the blade, and
were not connected to the hypocotyl vascular tissue. The
direction of differentiation of these veins could not be
determined.

At 6 DPI, at least one of the proximal/distal extending
files of provascular tissue contained differentiated TEs, and
at least four strands of provascular tissue extended the
length of the leaf primordium. None of the provascular or
TE cell files connected to the hypocotyl. A band of TEs was
also present at the distal end of the developing leaf (Fig. 6).
This band contained mostly misshapen TEs, although some

elongated TEs were present along the proximal side (data
not shown).

At 7 DPI, at least three developing veins that extended
along the proximal/distal axis of the leaf contained differ-
entiated TEs (Fig. 6). In contrast to the control, in which
early-differentiating veins were distributed through much
of the developing leaf, these veins were located close to-
gether, in the central region of the developing leaf. The
band of TEs at the distal end of the leaf extended across
one-half of the leaf, and a small number of elongated cells
extended from the proximal regions at each end.

Inhibitor-grown leaves at 8 DPI showed a diverse array
of vein patterns. In general, two or three additional pro-
vascular strands that extended along the proximal/distal
axis contained TEs, and many provascular strands ex-
tended between the distal band of TEs and the center of the
developing leaf. Some of the cell files that contained dif-
ferentiated TEs were closely aligned in the center of the
developing leaf. The distal band of misshapen TEs now
extended along more than 80% of the leaf margin.

At 9 DPI, many veins with TEs were present in the leaf,
although many provascular strands devoid of differenti-
ated TEs were also present. By 10 DPI, however, no veins
containing only provascular strands were present. The
veins that extended between the band of TEs adjacent to
the leaf margin and the center of the leaf were loosely
aligned and defined a broad central midvein. Between 11
and 19 DPI, no additional veins appeared.

These observations suggest that the polar auxin trans-
port inhibitors affected many different aspects of leaf vein
development. First, the timing of midvein appearance dif-
fered; the first provascular tissue was observed in 5-DPI
seedlings of the treated plants, in contrast to the 4-DPI
provascular tissue observed for the untreated control.

Second, this provascular tissue of inhibitor-treated seed-
lings differed in conformation relative to the untreated
control. In inhibitor-grown seedlings, three or more sepa-
rate files of provascular tissue was present, as opposed to
the single file of the control, and it terminated in proximal
regions of the leaf primordium, instead of being continu-
ous with the stem vascular tissue as in the control. Third,
the primary and secondary veins were difficult to distin-
guish in inhibitor-treated leaves. The multiple files of pro-
vascular tissue in the center of the leaf differentiated into
veins that were encompassed in the midvein in proximal
regions of the leaf, and usually branched toward the leaf
margin in distal portions of the leaf. Fourth, a novel pattern
element appeared in the inhibitor-grown seedlings; a band
of mostly misshapen TEs arose at the distal end of the leaf,
and expanded proximally along the leaf margin.

DISCUSSION

The leaves of dicots contain three major pattern ele-
ments: a midvein that extends from the stem through the
petiole and into the leaf blade; secondary veins that branch
from the midvein; and minor veins that further subdivide
the main leaf area. The patterns in which these veins ap-
pear vary widely across different groups of dicots, yet the
mechanisms controlling vein pattern are poorly under-
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stood. Auxin has been proposed to function at many dif-
ferent steps of vascular tissue development, ranging from
specification of pattern to later stages of vascular cell type
differentiation (Aloni, 1995). To examine possible roles of
auxin and polar auxin transport in establishing vein pat-
tern, I compared cotyledon and leaf vein pattern develop-
ment in Arabidopsis seedlings grown in medium contain-
ing polar auxin transport inhibitors. Growth in these
inhibitors caused many changes in the leaf vein pattern,
and my observations are in agreement with a recent pub-
lication by Mattsson et al. (1999) describing a similar study.

Polar Auxin Transport Is Required for Leaf
Midvein Development

Growth of seedlings in media containing polar auxin
transport inhibitors resulted in leaves containing a central,
broad, loosely organized vein from which a large number
of secondary veins branched (Fig. 5). The origin of this vein
was explored in a developmental time course (Fig. 6). In
the control, the first provascular tissue corresponded to the
primary vein, and it appeared as a single file of cells that
extended from the stem along a proximal/distal axis in the
center of the leaf of 4-DPI seedlings. In the treated plants,
the first provascular tissue that appeared in the leaves
differed from the control in several respects. One difference
was temporal; provascular tissue first appeared in 5-DPI
leaf primordia of inhibitor-grown tissue rather than the
4-DPI leaf primordia of the control. Another difference was
the conformation of these provascular strands. Several dis-
persed cell files of provascular tissue appeared within the
same time interval. These cell files extended along the
proximal/distal axis, but were not connected to the stem
(Fig. 6, and depicted in Fig. 2).

One interpretation of these data is that inhibition of
auxin transport delays leaf development. Thus, the multi-
ple provascular cell files observed in the 5-DPI inhibitor-
grown seedlings might all correspond to primary vein
provascular tissue. This interpretation would suggest that
polar auxin transport inhibition results in a disorganization
of the primary vein provascular tissue such that more than
one cell file was able to form. Although I cannot discount
this possibility, I would expect a delay in leaf development
to also be detectable as smaller leaf primordia relative to
the controls. However, at concentrations of polar auxin
transport inhibitors that produced these changes in leaf
venation, leaf size was unaffected (Table I; Fig. 6).

An alternative interpretation of the time course is that
treatment with polar auxin transport inhibitors results in a
loss of the primary vein, and the provascular tissue in the
5-DPI inhibitor-grown seedlings gives rise to secondary
veins. In support of this idea, the timing of appearance of
the provascular strands in the 5-DPI inhibitor-grown seed-
lings is the same as secondary veins in the control, and the
positions of the provascular strands in the 5-DPI inhibitor-
grown seedlings is appropriate for secondary veins (prox-
imal regions located at the leaf midline, and distal regions
extended toward the leaf margin). If this interpretation is
correct, the broad and loosely spaced vein in the center of
mature inhibitor-grown leaves may in fact be the conflu-

ence of proximal portions of secondary veins. Distinguish-
ing between these alternatives will require molecular
markers that allow distinction between primary and sec-
ondary veins.

Vascular Tissue Accumulation at the Leaf Margin

One of the predicted outcomes of inhibiting polar auxin
transport is its accumulation adjacent to its site of synthe-
sis. Leaf primordia have been shown to be important sites
of auxin biosynthesis. Within the leaf, immature tobacco
leaves contain a gradient of the auxin indole-3-acetic acid,
with higher concentrations in proximal regions than distal
regions, while in mature tobacco leaves, indole-3-acetic
acid is present uniformly across the proximal/distal axis
(Edlund et al., 1995). However, a site(s) within the leaf
where auxin synthesis occurs is not known. One of the
striking features of the inhibitor-grown leaves was the
broad band of TEs that accumulated adjacent to the leaf
margin (Fig. 5). Observations from the developmental time
course suggested that some of these TEs derived from the
differentiation of provascular strands, but that most of the
TEs were misshapen cells that transdifferentiated directly
from mesophyll cells (Fig. 6 and data not shown). One
explanation for this broad band of TEs might be that high
local concentrations of auxin are resulting in TE differen-
tiation. If this explanation is correct, then these observa-
tions suggest that within the leaf, the primary site of auxin
synthesis is adjacent to the margin.

Models for Leaf Vein Patterning

Although little is known about the mechanisms used for
leaf vein patterning, auxin has been proposed to play a
central role (Sachs, 1991; Aloni, 1995; Nelson and Dengler,
1997). The many changes in leaf vein pattern observed for
polar auxin transport in inhibitor-grown seedlings is con-
sistent with a role for auxin in vascular tissue development.
Interpretation of these results in terms of models for leaf
vein patterning must account for at least two different
types of changes to the leaf vein pattern: the loss of the
primary vein and the increase in the number of secondary
veins.

One model is that vein positions are specified by polar
auxin transport paths, as has been proposed by Sachs
(1991), but that not all leaf tissues responded to polar auxin
transport inhibitors. Polar auxin transport inhibitors are
believed to target the auxin efflux carrier. Recently, a gene
proposed to encode one of the components of the auxin
efflux carrier was cloned (Chen et al., 1998; Gälweier et al.,
1998; Luschnig et al., 1998). This gene has been shown to be
a part of a gene family, and at least one member shows
tissue-specific expression (Chen et al., 1998; Luschnig et al.,
1998). It is possible that proximal and distal portions of the
leaf contain molecularly distinct auxin efflux carriers that
differ in their sensitivity to polar auxin transport inhibitors.
The polar auxin transport inhibitors might disrupt polar
auxin transport in the petiole, preventing specification of
the primary vein, but might not disrupt polar auxin trans-
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port in the leaf blade (and thus veins form). However,
because all three polar auxin transport inhibitors produced
similar changes in leaf vein pattern, and at least two of
these inhibitors target different components of the auxin
efflux transporter (Thomson et al., 1973), this explanation
seems unlikely.

A second model is that the primary vein and secondary
veins are patterned using distinct developmental mecha-
nisms. The specific disruption of the primary vein in the
inhibitor-grown seedlings provides strong evidence sup-
porting a role for polar auxin transport in specification of
this vein. However, because secondary veins are present,
their position could be specified by a developmental mech-
anism that is independent of polar auxin transport. Prece-
dence for a developmental process that only requires polar
auxin transport under specific circumstances is provided
by hypocotyl elongation. For Arabidopsis seedlings grown
in the dark, the developmental program controlling hypo-
cotyl elongation does not use polar auxin transport; how-
ever, for light-grown seedlings, polar auxin transport is
required for normal hypocotyl elongation (Jensen et al.,
1998).

A third model is that the polar auxin transport inhibitors
had a specific effect on the primary leaf vein, and that the
increase in secondary veins is a secondary consequence of
the loss of vascular continuity through the petiole. One
possible secondary consequence is that polar auxin trans-
port inhibitors failed to enter the developing leaf. How-
ever, inhibitor concentrations exceeding that which re-
sulted in the loss of the primary vein caused further
diminution of leaf size (Table I; Fig. 1), suggesting that the
elevated levels of inhibitors were continuing to affect the
leaf. Another likely secondary effect is the accumulation of
high auxin levels in the developing leaf. Auxin is synthe-
sized in leaf primordia, and under normal circumstances
would be exported from the leaf through cells associated
with the vascular tissue. The interruption of vascular tissue
in the leaf petiole is thus likely to provide an anatomical
block to auxin transport, on top of the biochemical block
provided by the polar auxin transport inhibitors. If polar
auxin transport is blocked within the blades of these leaves,
then the elevated number of secondary veins might indi-
cate that the pathway for secondary vein patterning (such
as proposed above) is responsive to auxin levels.

A screen for mutants with defects in cotyledon and leaf
vein patterning was conducted recently, and allowed the
recovery more than 12 mutants with vein patterning de-
fects. Five of these mutants have been mapped to regions
that differ from other reported vein patterning or auxin
mutants (M.K. Deyholos, G. Corder, M. Szego, and L.E.
Sieburth, unpublished data). In this paper, I explored the
influence of polar auxin transport inhibitors on leaf vein
patterning in wild-type plants; analysis of the results sug-
gested that more than one mechanism may be available to
pattern leaf veins. Delineation of these putative pathways
awaits further genetic analyses of vein patterning mutants
and analysis of the interaction of vein patterning genes
with the auxin pathway.
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