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Disruption of Auxin Transport Is Associated with Aberrant
Leaf Development in Maize'
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Despite recent progress, the mechanisms governing shoot mor-
phogenesis in higher plants are only partially understood. Classical
physiological studies have suggested that gradients of the plant
growth regulator auxin may play a role in controlling tissue differ-
entiation in shoots. More recent molecular genetic studies have also
identified knotted1 like homeobox (knox) genes as important regu-
lators of shoot development. The maize (Zea mays L.) mutant rough
sheath2 (rs2) displays ectopic expression of at least three knox
genes and consequently conditions a range of shoot and leaf phe-
notypes, including aberrant vascular development, ligular displace-
ments, and dwarfism (R. Schneeberger, M. Tsiantis, M. Freeling, J.A.
Langdale [1998] Development 125: 2857-2865). In this report, we
show that rs2 mutants also display decreased polar auxin transport
in the shoot. We also demonstrate that germination of wild-type
maize seedlings on agents known to inhibit polar auxin transport
mimics aspects of the rs2 mutant phenotype. The phenotype elab-
orated in inhibitor-treated plants is not correlated with ectopic
KNOX protein accumulation.

The majority of the aerial part of higher plants is derived
from the shoot apical meristem (SAM). Despite recent
progress, the exact process by which cells derived from the
SAM give rise to the different parts of the vegetative plant
body are still unclear. Molecular genetic analysis has sug-
gested that the regulation of knox genes is instrumental
both to maintenance of the SAM and to the initiation of
lateral shoot organs (Kerstetter and Hake, 1997). Ectopic
expression of knox genes in dicotyledonous plants results in
a range of plant phenotypes, including lobed leaves, shoot
vivipary, and decreased apical dominance. Intriguingly,
these phenotypes are also observed in transgenic plants
that either overexpress a cytokinin biosynthetic gene or
underproduce auxin, and therefore have elevated cytoki-
nin to auxin ratios (Estruch et al., 1991; Li et al., 1992; Klee
and Lanahan, 1995). Such findings have led to the sugges-
tion that the developmental pathways defined by plant
growth regulators and knox genes are somehow interre-
lated (Kerstetter et al., 1997; Brutnell and Langdale, 1998;
Tsiantis and Langdale, 1998).
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Another tentative area of convergence between
hormone- and homeobox-specified pathways is vascular
development. It is known that exogenous auxin can induce
vascular differentiation and affect the path of vascular
strand differentiation in different plant systems (Aloni,
1995). In addition, correlations have been found in Arabi-
dopsis between aberrations in vascular tissue development
(twisting, midvein bifurcation) and decreased polar auxin
transport (PAT) (Bennett et al., 1995; Carland and McHale,
1996). Notably, maize (Zea mays L.) mutants that ectopi-
cally express the homeobox genes knl and rough sheathl
(rs1) also display abnormalities in vascular differentiation
patterns (Volbrecht et al., 1991; Becraft and Freeling, 1994).
Moreover, in the stem of wild-type maize plants, both the
rs1 and knl homeobox genes are expressed in close associ-
ation with provascular strands (Smith et al., 1992; Jackson
et al., 1994; Schneeberger et al., 1995). These observations
suggest that auxin may be involved in mediating certain
aspects of the phenotype that result from inappropriate
knox gene expression.

The rough sheath 2 (rs2) mutant of maize displays ectopic
expression of three knox genes due to loss of function of the
rs2 gene that encodes a myb-like transcription factor
(Schneeberger et al., 1998; Timmermans et al., 1999; Tsian-
tis et al., 1999). The resulting phenotype includes midrib
duplication, leaf twisting, dwarfism, and vascular tissue
aberrations. In this report, we assess whether perturbations
in auxin homeostasis are a component of the maize rs2
mutant phenotype. Furthermore, we investigate the effects
of PAT inhibitors on the growth of wild-type maize
seedlings.

MATERIALS AND METHODS
Plant Material

Seeds of the maize (Zea mays L.) inbred line B73 were a
gift from Pioneer Hi-Bred International (Des Moines, IA).
The rs2-twd allele was isolated as in Schneeberger et al.
(1998). The mutation was induced by transposon insertion
into the region of the rs2 gene that encodes the myb domain
(Tsiantis et al., 1999).

Measurement of PAT

Auxin transport measurements were conducted accord-
ing to the method of Okada et al. (1991). Elongated meso-
cotyls were harvested from seedlings grown in the dark at
25°C for a week. Mesocotyl segments used were 2.2 to 2.4
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Figure 1. Perturbed auxin transport in mesocotyls of rs2 mutant
seedlings. Acropetal transport (black bars) and basipetal (white bars)
transport of exogenously supplied C-14 IAA in wild-type and mutant
(rs2-twd) seedlings. In wild-type plants, a significant difference is
seen between the acropetal and basipetal measurements, demon-
strating the presence of active polar basipetal transport mechanisms.
In mutant plants, no significant difference is seen between basipetal
and acropetal measurements, suggesting that the ability to basipetally
transport auxin is significantly reduced in mutant tissue.

wild-type

cm. Tissue samples were incubated in a microfuge tube
containing 40 L of C-14 indole acetic acid for 16 h. After
this time, the upper 2 mm of tissue was removed, placed
in scintillant, and counted in a multipurpose scintilla-
tion counter (model LS6500, Beckman Instruments, Ful-
lerton, CA).

Treatment of Plants with Inhibitors of PAT

Seeds of the inbred line B73 were sterilized and germi-
nated on Murashige-Skoog medium in the presence or
absence of 2,3,5-trilodobenzoic acid (TIBA) (28 um) or
naphthylphthamic acid (15 pum). Plants were grown in ster-
ile pots at 25°C under a 16-h light/8-h dark photoperiod
(100 pmol m~2 s '), and after 2 weeks seedling morphol-
ogy was examined.

Histology

Leaf samples were fixed in formalin acetic acid for
30 min, dehydrated through an ethanol series, paraffin
embedded, and sectioned as in Langdale (1994). Sections
(10 wm) were stained with Safranin/Fast Green as de-
scribed in Schneeberger et al. (1998). Mutant and wild-type
shoot apices were fixed in formalin acetic acid for 2 h,
dehydrated, and embedded as above. Apices were sec-
tioned completely and the number of axillary buds was
noted per plant. Ten wild-type and seven mutant plants
were examined.

Immunolocalization Assays

Tissue was fixed as described above and sections were
reacted with anti-KNOX antibody as described in Schnee-
berger et al. (1998).
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RESULTS AND DISCUSSION
Auxin Transport Aberrations in rs2 Mutant Plants

To assess the auxin transport capacity of rs2 mutant
plants, PAT measurements were conducted on etiolated
mesocotyls of wild-type and rs2 maize seedlings. These
measurements revealed that there was a clear difference
between basipetal and acropetal transport in wild-type
plants, whereas in mutant seedlings such a difference was
not apparent (Fig. 1). This indicates that auxin gradients
may be perturbed in the shoots of rs2-tfwd seedlings. Auxin
is generally thought to be produced in young emerging
leaves and transported basipetally through the shoot
(Sachs, 1991). A block in basipetal transport would be
expected to result in the disruption of auxin gradients both
within the leaves (where entrapment of excess auxin could
occur) and across the vegetative axis (where less auxin
could flow). The latter event would result in reduced in-
ternode elongation and could therefore explain the reduced
stature of rs2 plants.

Auxin gradients are also believed to influence both vas-
cular strand patterning and cytoskeletal organization.
Thus, disruption of auxin gradients within the leaves could
explain both the twisting growth pattern of rs2 leaves and
the bifurcation of midribs. Indeed, it has recently been
shown that two Arabidopsis mutants with deficiencies in
PAT show similar characteristics. The lopl mutant is both
dwarfed and twisted (Carland and McHale, 1996), and the
pinl mutant often shows midrib bifurcation and leaf twist-
ing (Bennett et al., 1995). Disrupted auxin gradients may
also account for the changes of vascular patterning and
overt vascularization of leaves that have been observed in
both rs2 and Rsl mutants (Becraft and Freeling, 1994;
Schneeberger et al., 1995, 1998). Indeed, it has already been
suggested that the Rsl mutation, which conditions in-
creased vascular size, could interfere with auxin-regulated
developmental pathways (Becraft and Freeling, 1994).
Thus, our findings suggest that perturbations to auxin
physiology could mediate certain facets of the rs2 mutant
phenotype.

Growth of Wild-Type Maize on Auxin Transport Inhibitors
Mimics Aspects of the rs2 Phenotype

To ascertain whether reductions in PAT in wild-type
maize could cause phenotypic perturbations similar to

Table 1. Phenotypes exhibited by wild-type plants treated with the
auxin transport inhibitor TIBA

Seventy-six plants were grown, half on control medium and half
on medium containing TIBA. The number of plants showing specific
phenotypes is indicated.

TIBA Control
no.
Agravitropic roots 28 0
Dwarfism 25 4
Twisted leaves/stem 15 0
Aberrant ligule 3 0
Feiled to germinate 5 2
Severe growth arrest 3 1
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Figure 2. Effects of PAT inhibitors on maize seedling growth. Dwarfism and twisting: A and C, Plants on the left have been
germinated on control medium and allowed to grow in sterile pots for 2 weeks; plants on the right have been germinated
in the presence of 28 um TIBA and grown for the same time. B, The plant on the left is a wild-type sibling of the rs2 mutant
plant shown on the right. Displaced ligule formation: D, Seedling leaf of an untreated wild-type plant. White arrow points
to the ligule. Leaf twisting and aberrant ligular formation in a TIBA-treated wild-type plant (E) and in a rs2 mutant plant (F).
White arrows point to the non-discrete ligular boundary. Hypertrophic vascularization: G, Vascular morphology of a lateral
vein in an untreated wild-type seedling. Vascular hypertrophy seen in a TIBA-treated plant (H) and in a rs2 mutant (I) plant.
Xylem and phloem are labeled X and P, respectively. Gray lines indicate the edge of the phloem in each case. Bar = 30 um.

those seen in rs2 mutants, we germinated wild-type maize
seedlings in the presence of compounds known to inhibit
PAT. Treatment with TIBA (28 um) resulted in pronounced
effects on seedling development (Table I). Roots were
agravitropic and showed inhibition of lateral root growth
(data not shown). Treated seedlings showed similar phe-
notypes to rs2 mutant plants in that they were dwarfed,

with compressed internodes and twisted leaves (Fig. 2,
A-C). Occasionally, the second leaf to emerge exhibited a
non-discrete blade/sheath boundary (Fig. 2E) as opposed
to the discrete boundary defined by the ligule of untreated
plants (Fig. 2D). Notably, rs2 mutant leaves show similar
perturbations at the blade/sheath boundary (Fig. 2F). His-
tological examination of leaf sections revealed the presence
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Figure 3. Precocious axillary bud development in rs2 mutant seedlings. A, Median section through the apical region of a
10-d-old wild-type seedling. Bar = 1 mm. B, Median section through the apical region of a 10-d-old rs2 mutant seedling.
Arrowheads point toward the axillary buds. Size bar = T mm. C, Number of axillary buds developed in 10-d-old wild-type
(wt) and rs2 mutant seedlings.

of hypertrophic vascular bundles in both TIBA-treated
wild-type plants and in rs2 mutant plants (for example,
compare phloem tissue in Fig. 2, G-I). Qualitatively similar
results were obtained after treatment of plants with naph-
thylphthamic acid (15 uMm). Thus, aspects of the rs2 pheno-
type are phenocopied by treating wild-type maize seed-
lings with PAT inhibitors.

As discussed above, most of the phenotypic perturba-
tions observed in treated plants can be rationalized on the
basis of disrupted auxin gradients. However, little is
known about the early signals involved in ligular forma-
tion so it is more difficult to establish why disrupted auxin
gradients in emerging leaves led to the observed perturba-
tions in the ligular area. Signals involved in ligule differ-
entiation originate near the midrib at plastochron (P) 1-2
(Sylvester et al., 1990). Interestingly, the leaves in which we
observed an abnormal blade/sheath boundary are estab-
lished during embryogenesis and thus would be predicted
to have already formed the blade/sheath boundary at the
time of inhibitor treatment. Our data therefore suggest that
there is a degree of plasticity in the formation of the ligule
and that the boundary can be influenced somewhat later
than P2. It is conceivable that auxin gradients may play a
role in this process. For example, it was recently suggested
that the steep radial gradient of auxin that exists in pine
leaves acts as a morphogenetic field to direct the develop-
ment of different cell types (Uggla et al., 1996). It is possible
that similar gradients exist in leaves of other higher plants
and that cellular differentiation within the leaf depends on
such gradients.
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Despite apparent similarities between wild-type maize
seedlings treated with PAT inhibitors and rs2 mutant
plants, there are also notable differences. Most obviously,
the root phenotypes observed in TIBA-treated plants are
not seen in rs2 mutants. This finding implies that at least
some component of the PAT system is functional in rs2
mutants.

Decreased PAT in the rs2 Mutant Is Accompanied by
Precocious Axillary Meristem Development

Basipetal auxin transport is believed to be at least partly
responsible for axillary meristem arrest (Cline, 1994). Thus,
we would predict that a reduction in PAT may lead to
overdevelopment of axillary buds. Consistent with this
idea, we observed overdevelopment of lateral buds in rs2-
twd mutant apices (Fig. 3B). Detailed examination showed
that 10 d after germination more axillary meristems were
developed in rs2 mutants than in wild-type plants (Fig.
3C). This phenotype is consistent with the measured reduc-
tion in PAT since apical dominance is thought to involve
basipetal flow of auxin across the vegetative axis. Notably,
however, the number of lateral buds in wild-type and
mutant plants was not significantly different 21 d after
germination. Thus, the rs2-twd allele shows precocious
rather than ectopic development of lateral buds. Although
extra axillary meristems are initiated early in development,
rs2 mutants do not produce increased numbers of tillars
(side shoots) or ear shoots. This would suggest that the
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Figure 4. KNOX protein accumulation patterns in TIBA-treated wild-
type plants. A, Median section through the apical region of a 10-d-
old untreated wild-type seedling. B, Median section through the
apical region of a 10-d-old TIBA-treated wild-type seedling. Arrows
denote the position of axillary meristems. C, Transverse section
through the apical region of a 10-d-old TIBA-treated wild-type seed-
ling. Bars = 100 um.

reduction in PAT is either transient or is not sufficient to
fully derepress axillary bud development.

Ectopic Expression of knox Genes and Disruptions of PAT

How does the observed reduction in PAT relate to the rs2
mutation and to ectopic knox gene expression? It is known
that ectopic accumulation of KNOX proteins in rs2 mutants
disrupts cell fate acquisition in the leaf and leads in par-
ticular to vascular-tissue-related aberrations. However,
very little is known regarding the exact nature of the de-
velopmental pathways in which KNOX proteins operate. It
is possible that genes involved in plant growth regulator
function (including auxin) could be among the knox gene
targets. Changes in expression patterns of such genes could

impair auxin function, resulting in vascular tissue abnor-
malities. Alternatively, changes in auxin homeostasis could
alter knox gene expression patterns. The latter possibility is
suggested by a recent report showing that perturbations in
growth regulator levels affect knox gene expression levels
in Arabidopsis (Rupp et al., 1999). To distinguish these
possibilities in our experimental system, KNOX protein
accumulation patterns were examined in TIBA-treated
wild-type plants. In both TIBA-treated and untreated wild-
type plants, KNOX proteins accumulated in shoot meris-
tems (both apical and axillary) (Fig. 4). No ectopic KNOX
accumulation was observed in leaves. Thus, aberrant PAT
in rs2 mutants is likely to result from rather than cause
ectopic knox gene expression.

Support for the idea that ectopic KNOX gene expression
could alter hormonal function comes from studies in to-
bacco, rice, and lettuce (Tamaoki et al., 1997; Kusaba et al.,
1998; Tanaka-Ueguchi et al., 1998; Frugis et al., 1999). In all
cases, ectopic expression of KNOX protein was reported to
drastically alter hormonal levels and in particular to lead to
elevated cytokinin levels (Ori et al., 1999). The idea that
KNOX proteins may directly affect hormonal production
has been reinforced by a recent study demonstrating that
targeted expression of knl in a novel developmental con-
text increases cytokinin levels. Interestingy, disruptions in
PAT would be predicted to condition phenotypic effects
similar to those resulting from elevated cytokinin, since
certain cells in PAT-inhibited plants would have reduced
auxin and therefore an increased cytokinin to auxin ratio.

Despite the fact that a reasonable amount of evidence
suggests tight connections between KNOX genes and hor-
monal function, an indirect link between ectopic KNOX
protein accumulation and hormonal regulation cannot be
ruled out. For example, it is possible that KNOX proteins
alter cellular identities such that the normal transport ca-
nals of auxin are disrupted and therefore a reduction in
PAT occurs as a secondary effect. To further this work, it
will be essential to identify maize mutants that perturb
auxin function. Analysis of double mutants obtained by
crossing such lines and the already existing leaf develop-
ment mutants (such as Rs1 and rs2) should help define the
role of auxin in maize leaf development more accurately.
Since we have now shown that PAT inhibitors affect maize
seedling development, it may be possible to use these
compounds as tools to screen for mutants impaired in
auxin signaling. The validity of such screens has already
been established for Arabidopsis (Ruegger et al., 1997).
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