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Summary

Background: Plants achieve remarkable plasticity in
shoot system architecture by regulating the activity of
secondary shoot meristems, laid down in the axil of
each leaf. Axillary meristem activity, and hence shoot
branching, is regulated by a network of interacting hor-
monal signals that move through the plant. Among
these, auxin, moving down the plant in the main stem, in-
directly inhibits axillary bud outgrowth, and an as yet un-
defined hormone, the synthesis of which in Arabidopsis
requires MAX1, MAX3, and MAX4, moves up the plant
and also inhibits shoot branching. Since the axillary
buds of max4 mutants are resistant to the inhibitory ef-
fects of apically supplied auxin, auxin and the MAX-de-
pendent hormone must interact to inhibit branching.
Results: Here we show that the resistance of max mu-
tant buds to apically supplied auxin is largely indepen-
dent of the known, AXR1-mediated, auxin signal trans-
duction pathway. Instead, it is caused by increased
capacity for auxin transport in max primary stems, which
show increased expression of PIN auxin efflux facilita-
tors. The max phenotype is dependent on PIN1 activity,
but it is independent of flavonoids, which are known reg-
ulators of PIN-dependent auxin transport.
Conclusions: The MAX-dependent hormone is a novel
regulator of auxin transport. Modulation of auxin trans-
port in the stem is sufficient to regulate bud outgrowth,
independent of AXR1-mediated auxin signaling. We
therefore propose an additional mechanism for long-
range signaling by auxin in which bud growth is regu-
lated by competition between auxin sources for auxin
transport capacity in the primary stem.

Introduction

Plant shoot systems are generated by a modular growth
pattern. The primary shoot apical meristem at the shoot
tip produces successive units consisting of a stem
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segment, a leaf, and a secondary shoot apical meristem
in the axil of the leaf. Each axillary meristem has the
same developmental potential as the primary shoot api-
cal meristem, and thus secondary shoots can arise from
the activity of the axillary meristems. The growth of the
secondary shoots is, however, tightly regulated, with
many arresting at an early stage as a small bud. The
presence of these dormant buds allows plants to modu-
late their shoot system architecture in response to envi-
ronmental conditions and developmental stage.

A classic example of this regulation is the inhibition of
bud outgrowth by the primary shoot apex—a phenome-
non known as apical dominance. The plant hormone
auxin (IAA, Indole-3-acetic acid) has long been impli-
cated in the ability of the primary shoot apex to inhibit
axillary bud growth [1]. For example, in isolated Arabi-
dopsis stem segments carrying a leaf and an axillary
bud, application of auxin to the cut surface of the apical
stem inhibits the outgrowth of the axillary bud [2]. The
in vivo significance of this result is clear from the fact
that mutations in the AUXIN RESISTANT1 (AXR1) gene
of Arabidopsis, which confer a primary defect in auxin-
regulated transcription [3, 4], result in increased shoot
branching and buds resistant to inhibition by apical
auxin [5]. Despite the central role of auxin, it is clear
that it acts indirectly, because auxin transported from
the apex does not enter the buds [6, 7], and applying
auxin directly to buds does not prevent their outgrowth
[8]. Furthermore, expression of the wild-type AXR1 gene
in the xylem parenchyma and interfascicular tissue of
the stem is sufficient to restore a wild-type branching
habit to the axr7-12 mutant [5]. Thus, auxin in the stem
is somehow able to influence the growth of buds some
distance away.

Many potential second messengers for auxin action
have been suggested (for reviews, see [9, 10]). One par-
ticularly good candidate is the plant hormone cytokinin.
Direct application of cytokinin to buds promotes their
outgrowth, even in the presence of an apex/apical auxin
[11], as does cytokinin supplied basally through the
main stem [2]. It has also been shown that auxin can reg-
ulate the synthesis and export of cytokinin from the root
[12, 13] and its synthesis locally in the shoot [14], sug-
gesting that auxin could act by reducing the supply of
cytokinin to the buds, thereby inhibiting their growth.

Genetic analyses have provided an additional candi-
date as a second messenger for auxin. Mutants in three
model species have been identified that have increased
shoot branching and limited pleiotropic phenotypes.
These are the ramosus (rms) mutants of pea, the de-
creased apical dominance (dad) mutants of petunia,
and the more axillary branching (max) mutants of
Arabidopsis [15-17]. These mutants have very similar
phenotypes and represent at least partly orthologous
pathways since RMS1, DAD1, and MAX4 have been
shown to be orthologs [18, 19]. A subset of these genes
is required for the production of a graft-transmissible,
upwardly mobile signal that inhibits branching [20, 21].
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In Arabidopsis these are MAX1, MAX3, and MAX4, and
reciprocal grafting experiments have suggested that
MAX1 acts downstream of MAX3 and MAX4 in the bio-
synthesis of the signal [20]. MAX4 and MAX3 encode di-
vergent carotenoid cleavage dioxygenases, suggesting
that the signal is carotenoid derived, and MAX1 encodes
a cytochrome P450 family member [18, 20, 22]. MAX2
encodes a leucine-rich repeat F box protein [17], which
acts locally in the shoot, is not required for the synthesis
of the signal [20], and therefore is proposed to act in the
transduction of the signal at the node.

The mechanism by which the MAX pathway acts is as
yet unclear. However, the pathway is known to interact
with auxin because max4 and rms1 mutant buds are re-
sistant to the inhibitory effects of apical auxin [18, 23].
This suggests that the MAX pathway may act as a sec-
ond messenger for auxin in regulating bud outgrowth.
The most obvious mechanism to achieve this would be
for auxin to upregulate the synthesis of the MAX-depen-
dent compound, which would move into the buds and
directly inhibit their growth. However, although auxin
does substantially upregulate RMS1 expression in pea
stems [24], it has no effect on stem expression of
MAX4 [25]. Indeed, grafting experiments have shown
that it is possible to separate AXR1-mediated auxin sig-
naling and MAX-compound synthesis into completely
different tissues while maintaining wild-type branching
patterns [25]. Thus, the point of interaction between
the MAX pathway and auxin must be after the synthesis
of the MAX signal and/or largely independent of AXR1-
mediated auxin signaling.

In this report, we provide evidence that the MAX path-
way acts substantially independently of auxin signaling
and instead works by regulating auxin transport capac-
ity in the main stem. We show that this is likely to be me-
diated by changes in expression of PIN auxin efflux facil-
itator genes and that the action of the MAX pathway
does not require flavonoids, which are known to regu-
late auxin transport. Thus, the MAX signal represents
a novel regulator of auxin transport, which we propose
regulates bud activity at a distance through the modula-
tion of auxin transport capacity in the stem, thus modu-
lating the sink strength of the stem for bud-derived
auxin.

Results

The MAX Pathway Acts Largely Independently of
AXR1-Mediated Auxin Signaling

Many mutants in the transcription-regulating auxin sig-
naling pathway have shoot-branching defects and
auxin-response defects in their buds, demonstrating
that this pathway regulates bud outgrowth and apical
dominance [3, 26, 27]. Similarly, mutations in the MAX
pathway genes result in increased branching, and
max4 buds have been shown to be resistant to apical
auxin [18]. Where tested, none of these mutants (MAX
or auxin-related) has altered levels or timing of axillary
meristem formation, suggesting that they all act primarily
at the stage of bud growth regulation [17, 28]. To investi-
gate the relationship between these pathways in more
detail, we analyzed branching in the axr1-12 mutant,
which is deficient in auxin signaling, and max7-max4.
We also constructed double mutants between axr7-12
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Figure 1. The Interaction between AXR1-Mediated Auxin Signaling
and the MAX Pathway

(A) Secondary rosette branch number in the max mutants, in either
a wild-type (Col-0) or axr1-12 genetic background. Measurements
were made after cessation of primary meristem activity (approxi-
mately 7 weeks); n = 14, bars indicate SEM. Data representative of
three independent data sets, all showing the same effect.

(B) Response of buds on nodal segments to apically applied auxin.
For each genotype, the effects of background (wild-type versus
axr1-12) and auxin treatment (2 uM NAA versus no NAA) are shown.
Measurements are of mean branch length after 5 days of treatment,
n =9 to 20, bars indicate SEM. Data representative of three indepen-
dent data sets, all showing the same effect.

and max1-max4 to further this analysis. We used two as-
says to analyze bud activity, namely measurements of
rosette branching in mature plants and the growth re-
sponse of buds on excised nodes to apically supplied
auxin. We found that branching from the rosette is mark-
edly increased in both max and axr7-12 mutants, com-
pared to wild-type (Col-0), with max mutants having
higher levels of branching than axr7-12 plants (Figure
1A). The outgrowth response of buds on excised nodes
to apically applied auxin was significantly greater in
both axr71-12 and max1-max4 than in the wild-type
(Col-0), indicative of reduced auxin sensitivity (Figure
1B). However, axr1-12 buds were more resistant than
max buds. Thus, while max plants have higher branching
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levels, axr1-12 buds show less inhibition of bud out-
growth by auxin. These data indicate that a proportion
of the increased branching in the max mutants cannot
be explained by a deficiency in AXR1-mediated signaling
(i.e.,is AXR1 independent), and likewise there is a propor-
tion of the auxin resistancein axr71-12 buds thatis not due
to adeficiency in the MAX pathway (i.e., is MAX indepen-
dent). Furthermore, when the double mutants were ana-
lyzed, both the number of rosette branches (ANOVA, in
each case p < 0.01; Figure 1A) and the degree of auxin re-
sistance (ANOVA, in each case, p < 0.01; Figure 1B) were
found to be greater than those observed in either parent.
Indeed, the axr1-12 and max phenotypes are substan-
tially additive, with double mutant buds showing little
or no auxin response at all. These results indicate that
the MAX pathway and AXR1-mediated auxin signaling
act largely independently in the regulation of shoot
branching. Since the axr1-12 mutant is defective in
a vast array of auxin responses [4], the discovery of an
AXR1-independent auxin response is significant.

max Mutants Have Increased Auxin

Transport Capacity

Since previous reports have linked auxin transport and
shoot branching [7, 29], we investigated whether the
MAX pathway might regulate auxin transport. Auxin is
transported basipetally down the stem, and this trans-
port is dependent on members of the PIN family of auxin
efflux facilitators, which are basally localized in the cells
of the xylem parenchyma and mediate directional move-
ment of auxin down the stem [30, 31]. We analyzed bulk
transport of radio-labeled auxin in max mutants, relative
to wild-type. The apical ends of 15 mm excised stem seg-
ments were incubated in radiolabel for 18 hr, and the
amount transported into the basal 5 mm was then mea-
sured (after [31]). The max mutants were found to have
amarked increase in the ability to transport auxin relative
to wild-type (Figure 2A). This assay is demonstrably NPA
sensitive and therefore presumably measures only ac-
tive transport (Figure 3A). To determine whether this re-
sult was due to change in the capacity for auxin transport
or in the rate of auxin transport, we used a pulse-chase
assay. Auxin was loaded into the apical ends of 25 mm
max4-1 and wild-type stem segments for 1 hr. Radio-
labeled auxin was then collected as it emerged from
the basal ends of the stem segments in 30 min windows.
Again, this assay is fully NPA sensitive (not shown), and
so presumably measures active transport. The time
course of emergence of the loaded auxin was very similar
for max4-1 and wild-type, with a peak in emergence at
around 3-3.5 hr, but for each time window more auxin
emerged from the max4-1 stem than the wild-type
(Figure 2B). This suggests that the main effect of the
max4 mutation is on auxin transport capacity rather
than transport rate. It should be noted that max mutant
stems have wild-type anatomy (Figures 2J and 4A-4C),
so for example, these increases in auxin transport do
not arise from differences in the amount of vasculature
between genotypes.

If transport capacity is severely limiting in wild-type
stems, then the increase in transport capacity in the
max mutants might allow auxin to flow unimpeded down
the stem, resulting in depletion of auxin in the node, re-
duced activity through the auxin signaling pathway,
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Figure 2. Quantification of Auxin Transport Capacity in max Mutants

(A) Bulk levels of auxin transport in max mutant and axr7-12 stem
segments. Mean levels of radiolabel transported (in CPM) are shown
relative to Col-0; n = 30, bars indicate SEM. Data representative of
three independent data sets, all showing the same effect.

(B) Auxin transport capacity in max4-1. The apical ends of wild-type
and max4-1 stem segments were loaded with radiolabeled auxin for
1 hr. Radiolabel emerging from the basal end of the segments was
collected in dithiodethylcarbamate buffer. Data points show the
mean amount of radiolabel (measured in CPM) collected during
the 30 min preceding a time point; n = 8, bars indicate SEM. Data rep-
resentative of three independent data sets, all showing the same
effect.

(C-J) DR5::GUS expression in max mutant stems. Staining for GUS
activity in basal stem segments of Col-0 (C), max1-1 (D), max2-1
(G), max3-9 (H), and max4-1 (l); and in apical segments of Col-0 (E)
and max1 (F). Also shown is an unstained max7-1 basal stem seg-
ment (J), showing normal vasculature.
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Figure 3. The Effect of Restoring Wild-Type Auxin Transport to max Mutants

(A) Reduction of auxin transport in the presence of NPA. Bulk auxin transport was assessed in Col-0 and max4-1 stem segments, in the presence
of increasing NPA concentrations. Wild-type auxin transport is restored in the range 100 nM-1 M NPA. Measurements are of mean levels of
radiolabel transported (n = 30), relative to Col-0; bars indicate SEM. Data representative of three independent data sets, all showing the
same effect.

(B) Branching in intact plants grown in the presence of NPA. NPA is able to suppress the max phenotype. Measurements are of secondary rosette
branch number at 4 weeks; n = 15, bars indicate SEM. Data representative of three independent data sets, all showing the same effect.

(C) Outgrowth kinetics of max4-1 buds. Apical addition of 1 1M NPA in the presence of 1 uM apical NAA restores the inhibition of outgrowth of
max4-1 buds to wild-type kinetics; 1 uM NPA alone has no effect. Data points show mean branch lengths (n = 16) over a 10 day time course. Bars
indicate SEM; some bars are omitted for clarity. Data representative of three independent data sets, all showing the same effect.

(D) Bud responses of max and axr1-12 mutants. Apical addition of 1 M NPA rescues the max but not the axr7-12 phenotype. Measurements are
of mean branch length at 6 days; n = 16, bars indicate SEM.

(E) Outgrowth kinetics of max4-1 buds. Apical addition of 10 uM naringenin in the presence of 1 1M apical NAA restores the inhibition of out-
growth of max4-1 buds to wild-type kinetics. Experiment performed as in (C). Measurements are of branch length at 5 days (n = 16), bars indicate
SEM. Data representative of two independent data sets showing the same effect.
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and thus increased bud outgrowth. To test this hypo-
thesis, we examined activity of the auxin-responsive
DR5::GUS promoter-reporter construct in the max mu-
tants. This reporter is a generally reliable indicator of
the activity of the AXR1 auxin signaling pathway and of-
tenreflects auxin levels [32]. Directly contrary to the idea
of reduced auxin signaling at the node, the max mutants
have a large increase in DR5::GUS activity in the stem
vasculature relative to wild-type, both in basal and apical
nodes (Figures 2C-2J). These data are consistent with
increased auxin levels throughout the transport stream,
suggesting that the increased transport capacity in
max mutant stems results in more auxin in transit through
the stem at any one time.

Increased Auxin Transport Capacity Causes

the max Branching Phenotype

To investigate whether the increased auxin transport ca-
pacity is necessary for the branching phenotype of max
mutants, we tested the effect of pharmacologically in-
hibiting auxin transport on the max phenotype, via the
well-characterized inhibitor of auxin transport NPA (1-
N-Naphthylphtalamic acid). We first confirmed that
auxin transport in the max mutants is NPA sensitive
(see Figure S1 in the Supplemental Data available with
this article online) and determined that concentrations
in the order of 1 uM restore auxin transport to approxi-
mately wild-type levels (Figure 3A). We then tested the
effect of this concentration of NPA on shoot branching
and bud responses to apical auxin.

Whole plants were treated with NPA by its addition to
the agar-solidified medium of plants grown in sterile cul-
ture (Figure 3B). Increasing doses of NPA reduced shoot
branching up to concentrations of 1 uM. At 2 UM, NPA
treatment resulted in increased branching compared to
1 uM NPA. These results suggest that the increased
auxin transport of the max mutants causes the increased
branching phenotype, but that auxin transport levels be-
low wild-type also promote branching. This latter obser-
vation corresponds well with classical data showing that
inhibiting auxin transport in wild-type plants leads to bud
outgrowth, because auxin is prevented from reaching
the node [29, 33], and also with the phenotype of the
transport inhibitor response3 (tir3) mutant, which has re-
duced auxin transport and increased branching [34]. We
have previously shown that treatment with 1 M NPA
leads to increased bud outgrowth in wild-type plants
(which have less auxin transport to start with), which
agrees with the long-established idea that too little auxin
transport also leads to increased shoot branching [2].

When we tested the effect of NPA on bud auxin re-
sponse, we found that while low concentrations of
NPA do not affect bud outgrowth at all, 1 tM NPA com-
pletely restores a wild-type auxin response to max buds
(Figures 3C and 3D). NPA has no effect on max bud out-
growth in the absence of apical auxin (Figure 3C), sug-
gesting that the effect of NPA is on auxin transport in
the stem and not on the buds directly. This effect of
NPA holds for all the max mutants (Figure 3D), but not
axr1-12, which does not have increased auxin transport
(Figure 2A). These data confirm both the causal relation-
ship between increased auxin transport capacity and
the max branching phenotype and an independent
mechanism of action of the MAX and AXR1 pathways.

Increased Levels of PIN Proteins Are Associated
with, and Required for, the max Branching
Phenotype

Since the family of PIN auxin transport facilitator pro-
teins has been shown to mediate the amount and direc-
tion of polar auxin transport [30, 35-37], we investigated
whether they might be targets of the MAX pathway in the
regulation of auxin transport. We examined localization
of the well-characterized PIN1p::PIN1:GFP translational
fusion construct [38] in inflorescence stems of max mu-
tants by confocal microscopy. PIN1:GFP protein levels
were clearly elevated in the vascular bundles of max mu-
tants compared to wild-type. Reporter protein levels
were particularly stronger in the xylem tissue adjacent
to the cambial region (Figures 4A-4C). In longitudinal
sections of max7-1 stems, the majority of PIN1:GFP
showed typical basal localization in xylem parenchyma
cells; however, the amount of protein in the basal cell
membrane was increased and a significant fraction
was clearly not basally localized (Figures 4D and 4E).
To test whether these changes in PIN1 levels are due
to transcriptional upregulation, we used a PIN1p::GUS
transcriptional fusion reporter construct. PIN1p::GUS
activity was noticeably elevated in max1-1 inflorescence
stems compared to wild-type (Figures 4F and 4G). We
extended this analysis to other PIN genes via semiquan-
titative RT-PCR, and we found that levels of transcripts
from PIN1 and 3, and probably PIN4 and 6, are in-
creased, although PIN7 was downregulated in max mu-
tants relative to wild-type (Figure 4J). To test whether
this elevated level of PIN expression is causally related
to the increased branching phenotype of the max mu-
tants, we constructed pin7 max double mutants and
found that they have significantly reduced branching rel-
ative to max single mutants, showing that PIN7 expres-
sion is important for the max phenotype (Figure 4l).
Branching was not returned to completely wild-type
levels in pin1 max double mutants, which we ascribe
to the upregulation of other PIN proteins in the max mu-
tant backgrounds (Figure 4J). Consistent with this, we
found that there is greater residual auxin transport in
pin1 max compared to pin1 (data not shown). The al-
tered expression of the PIN genes is still observed in
pin1 max double mutants (Figure 4J), suggesting that it
is not a result of feedback from increased branching or
auxin levels in the stem, but rather is a direct effect of
lack of MAX signaling. Based on these data, we propose
that the MAX pathway regulates branching by modulat-
ing auxin transport capacity through control of PIN tran-
script levels.

The MAX Pathway Does Not Regulate Auxin

Transport in a Flavonoid-Dependent Manner

Flavonoids are naturally occurring inhibitors of auxin
transport [39-41]. We found that, like NPA, the flavonoid
naringenin is able to restore wild-type apical auxin re-
sponses to max mutant buds, although at much higher
concentrations than NPA, consistent with its lower activ-
ity (Figure 3E). A role for flavonoids in shoot-branching
control has previously been reported through the analy-
sis of a flavonoid-deficient mutant. The transparent
testa4 (tt4) mutant lacks the enzyme chalcone synthase,
and thus makes no flavonoids at all, resulting in a mater-
nal effect, yellow seed phenotype [42]. One allele of this
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Figure 4. Expression Levels and Localization of PIN Proteins in max Mutants and Effect of pin1 Mutation on max Secondary Rosette Branching

(A-C) Localization of PIN1:GFP in transverse cross-sections of 30-day-old wild-type (A), max7-1 (B), and max3-9 (C) basal inflorescence stems.
Images representative of 25-30 samples.

(D and E) Subcellular localization of PIN1:GFP in radial longitudinal sections of 30-day-old basal inflorescence stems from wild-type (D) and
max1-1 (E) plants. Images representative of 25-30 samples.

(F and G) PIN1::GUS activity in basal inflorescence stems of 28-day-old wild-type (F) and max7-1 (G) plants.

(H) Semiquantitative RT-PCR analysis comparing PIN1 expression levels in 30-day-old basal inflorescence stems of wild-type and max1-1 (top).
The analysis was performed with parallel samples. Normalization of cDNA was performed with UBQ5-specific primers (bottom).

(I) Mean number of second-order rosette branches of single and double mutant combinations of pin1, max1, and max3 plants. Branching was
scored 45 days after germination, n = 26-53, bars indicate SEM. Data representative of three independent data sets, all showing the same
effect.
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mutant (2YY6) has been reported to confer a bushy phe-
notype [39], suggesting a link between auxin transport,
flavonoids, and shoot branching. To investigate poten-
tial interactions between flavonoids and the max path-
way, we attempted to construct double mutants be-
tween tt4 (2YY6) and max1-max4. However, during this
process we found that the branching phenotype of tt4
(2YY6) results from a max4 mutation in tt4 (2YY6). To
confirm this, a backcross between tt4 (2YY6) and Col-0
was performed, which in the F2 showed independent
segregation of the pigment accumulation and branching
phenotypes. The max4 allele from tt4 (2YY6) (denoted
max4-5) was sequenced and found to contain a prema-
ture stop codon in the second exon (data not shown).
These data demonstrate that tt4 does not confer
a branching phenotype, which was confirmed with anin-
dependent allele (tt4-1; in the Ler background), in addi-
tion to the one backcrossed out of the tt4 (2YY6) line (de-
noted tt4-2). Both alleles confer levels of branching not
significantly different from wild-type and significantly
less than tt4 (2YY6) (t test, p < 0.01; Figure 5A). Since
completely flavonoid-deficient plants have wild-type
branching, flavonoids cannot be important to produce
normal branching patterns. Furthermore, since the tt4-2
max4-5 double mutant is bushy, flavonoids are also not
required for elaboration of the max phenotype. This rai-
ses questions about the link between increased auxin
transport and increased branching observed in the
max mutants, since tt4 mutants have been reported to
have increased auxin transport and thus would be pre-
dicted to have increased branching. To address this
question, we compared auxin transport in the stems of
tt4-1, tt4-2, and the max mutants. We found modest
but significant increases in auxin transport in tt4-1 (t test,
p < 0.01), but no real difference from wild-type in ti4-2
(t test, p = 0.514) (Figure 5B). The effects of the tt4 mu-
tants are therefore much smaller in the stem than the in-
creases observed in the max mutants, and thus are likely
not large enough to cause detectable branching pheno-
types. It should be noted, however, that these data do
not contradict previous reports showing larger increases
in auxin transport in the seedlings of tt4 [40, 41].

Discussion

The MAX Pathway and the Regulation

of Shoot Branching

Auxin has long been implicated in the regulation of shoot
branching, but it has been clear for almost as long that
its mechanism of action is indirect, with auxin moving
down through the vasculature of the primary stem inhib-
iting the outgrowth of axillary buds located some dis-
tance laterally [10]. Our data suggest that in Arabidopsis
there are at least two mechanisms by which this occurs,
both of which must be active for wild-type levels of bud
outgrowth. The first of these mechanisms is AXR1 de-
pendent, the strength of the response presumably in-
creasing with auxin concentration in the stem and pre-
sumably perceived by the TIR1/AFB auxin receptors

and transduced to changes in gene expression [43,
44]. ltis likely that targets for this pathway include genes
encoding cytokinin biosynthetic enzymes, which are
known to be downregulated at the node (and indeed
elsewhere) by auxin in an AXR1-dependent manner
[14]. This would reduce cytokinin availability to the bud
and hence reduce bud activity.

Our data support a second mechanism for auxin ac-
tion that is independent of classical signal transduction
and is not directly related to auxin concentration in the
stem or bud. This pathway involves an influence of auxin
transport capacity in the main stem on bud outgrowth.
The evidence for the existence of this pathway is strong.
In the highly branched max mutants, auxin transport ca-
pacity is increased, correlating with increased PIN1 ac-
cumulation in the stem. If auxin transport is restored to
more wild-type levels, either pharmacologically with
NPA or naringenin or genetically with the pin1 mutant,
wild-type branching levels are restored and importantly
auxin response in the buds is also returned to wild-type.
These effects are independent of AXR1. So, based on
these data, it is clear that increased auxin transport ca-
pacity in the stem causes increased shoot branching by
a mechanism that does not directly require the AXR1-
mediated auxin signaling pathway. It is of course indi-
rectly required, since auxin signaling through this path-
way is needed for the actual growth of the bud.

This finding is somewhat unexpected for two reasons.
First, AXR1-independent auxin signaling is extremely
unusual, and second, a wealth of existing physiological
evidence associates reduced auxin transport with in-
creased shoot branching, precisely the opposite of our
observations. It has generally been assumed that inhib-
iting auxin transport from the shoot apex reduces the
concentration of auxin at the node, leading to a dere-
pression of bud activity. The same seems likely to be
true in plants from which the shoot apex, and thus the
major auxin source, has been removed. We see no rea-
son to challenge this model, but our results necessitate
an additional mechanism to explain how increased
auxin transport capacity in the stem, associated with in-
creased auxin signaling, as evidenced by DR5::GUS ex-
pression, results in increased shoot branching. Our
model for this additional mechanism centers on another
well-characterised phenomenon in the literature: the
tight correlation between the ability of buds to grow
out and their ability to export auxin into the main stem
[7, 45]. Given these data, it is probable that efficient
auxin export from the bud is actually required for active
bud growth. One possible explanation for this is sug-
gested by the recent demonstration that shoot meristem
function depends on removal of auxin from the meristem
epidermis by transporting it into the growing stem below
[46]. Thus, if the bud cannot export auxin out into the
main stem, it may be unable to sustain an active meri-
stem. This would explain why increased auxin transport
capacity in the main stem allows increased bud growth.
Buds would easily be able to establish auxin efflux into
the main stem if the capacity for auxin transport is

(J) Semiquantitative RT-PCR analysis comparing PIN expression levels of different members of the PIN family in basal inflorescence stems of
single and double mutant combinations of pin1, max1, and max3 plants. UBQ5 was used as normalization control. PIN2 was not analyzed
since it is not expressed in inflorescence stems. PIN5 and PIN8 represent divergent, poorly characterized members of the PIN gene family

and were thus not included in the analysis.
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Col-0 t4-2

tt4 (2YY6)

(A) Secondary rosette branch number in tt4. Measurements were made after cessation of primary meristem activity (approximately 7 weeks); n =
10, bars indicate SEM. Data representative of three independent data sets, all showing the same effect.

(B) Bulk levels of auxin transport in tt4. Mean levels of radiolabel transported (in CPM) are shown relative to Col-0; n = 30, bars indicate SEM. Data
representative of three independent data sets, all showing the same effect.

(C) Comparison of Ler and tt4-1, 42 days after germination.

(D) Comparison of Col, tt4-2, and tt4 (2YY6), 42 days after germination.

high there, and therefore if the stem can provide a strong
auxin sink.

In this model, in a wild-type situation, auxin exported
from the young leaves of the primary apex fills the trans-
port capacity of the main stem, blocking access to auxin
from the buds and hence preventing establishment of
auxin efflux from the buds, blocking their growth. Re-
moval of the primary apex would remove the auxin
source, freeing up transport capacity in the stem to act
as a sink for bud-derived auxin. An alternative mecha-
nism to promote bud outgrowth in this scenario is to in-
crease the capacity for auxin transport in stem, allowing
simultaneous flow of auxin from the primary apex and
axillary buds into the stem, thereby supporting the
growth of multiple axes at once in spite of high auxin
levels in the stem. This is essentially the situation in
the max mutants. In this context, it is interesting to
note that the pattern of DR5::GUS activity in max mutant
stems is not even between the vascular bundles (Figures

2C and 2E) but appears to reflect the phyllotactic pattern
of lateral organs (and their associated buds), consistent
with increased active auxin export out of these growing
buds into the adjacent vascular bundle in the main stem.

The mechanism that we propose is in many ways anal-
ogous to the observations of Sachs [47] investigating
vascular differentiation in stem segments. He observed
that an auxin source applied laterally on a cut apex
would trigger vascular differentiation in the stem to con-
nect the source to the existing vasculature. However, if
auxin was applied directly to the preexisting vasculature
as well, the vasculature created by the lateral auxin
source did not join the original vasculature. In other
words, the presence of auxin within the original vascula-
ture prevented further auxin export into that vasculature.
This observation can be explained in terms of the cana-
lization hypothesis, wherein auxin sources and sinks are
linked by self-reinforcing auxin transport through nar-
row cell files. The presence of auxin reduces the sink
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strength of the vasculature, making it refractory to other
auxin sources. Conversely, in the absence of auxin, the
vasculature is a strong sink for the lateral auxin source,
the two becoming linked by a canalized auxin stream,
manifested as new vasculature. This is directly analo-
gous to the model for bud growth regulation that we
are proposing here; buds cannot efficiently export auxin
in wild-type plants because the stem vasculature is not
a strong sink for auxin. However, by removing the auxin
or by increasing the transport capacity, the vasculature
becomes a better sink for auxin, and buds can export
auxin and grow out. It is in fact highly likely that the ex-
port of auxin from buds is also necessary to create vas-
cular connections between the bud and the stem, which
are necessary for the further development of the bud,
thus providing further parallels with Sachs’ data.

Perhaps one of the most interesting implications of
our model is the ability of the apex to influence the activ-
ity of the bud “at a distance,” without the movement of
any signal between stem and bud [48]. Instead, the
growth of the bud is regulated by competition between
auxin sources for auxin transport capacity in the stem.
This would be, as far as we are aware, the first example
of long-distance signaling by such a mechanism, and
adds another mode of action through which the intricate
auxin distribution system within the plant can regulate
development. There are already excellent examples of
how the PIN and other auxin transporter systems regu-
late development by generating differences in auxin
concentration across tissues, including cases where
the concentration differences are generated by canali-
zation between auxin sources and sinks. Here, regula-
tion is achieved by creating bottlenecks for auxin flow,
like a traffic jam. The extent to which this system is
used is as yet unclear; however, it is apparent that the
MAX pathway operates this way, providing the potential
to regulate auxin movement through the plant via the lo-
cal and/or global changes in MAX pathway activity.

The MAX Pathway Is a Novel Regulator

of Auxin Transport

Our results demonstrate that the shoot-branching phe-
notype of the max mutants is caused by increased auxin
transport capacity in the main stem. This correlates with
increased PIN1 accumulation and increased expression
of the PIN1 gene, as well as several other PINs. This sug-
gests that a primary function of the MAX pathway is to
modulate PIN expression in the stem. The likely target
tissue for MAX action is therefore the xylem parenchyma,
which is the main site for polar auxin transport down the
stem. Consistent with this, MAX7, which is required for
a late step in the synthesis of the MAX-dependent com-
pound, is expressed at high levels in the vasculature [19],
as is MAX2, which is involved in perception of the signal
(P. Stirnberg and O.L., unpublished results).

Whether the PIN genes represent immediate early tar-
gets for the MAX pathway is a matter for future investi-
gation, but it is clear that the link between the MAX path-
way and the PINs is independent of known regulators of
PIN activity, such as the AXR1-mediated auxin response
pathway, which in some circumstances regulates PIN
gene expression [49], and the flavonoids, which inhibit
PIN function and have been suggested to be involved in
MAX action [40, 50]. Thus, the MAX pathway represents

[AA
AXR1SCKS
TIR1 -
A
v IAA

MAX2 —H PIN1

MDS

MAX1, MAX3, MAX4

Figure 6. Model of the Regulation of Bud Outgrowth

MAX1, MAX4, and MAX4 act to produce the as yet unidentified long-
distance signal MDS (MAX-dependent signal), which is transported
up the plant and perceived by MAX2-dependent detection and sig-
naling. This results in reduction in PIN gene transcription, reducing
auxin transport capacity, and blocking export of auxin from the
bud. Auxin also acts via a canonical signaling pathway to reduce cy-
tokinin levels at the node, further blocking bud outgrowth.

a third mechanism for regulating auxin transport. Since
the axr1-12 mutant has wild-type auxin transport levels
and the tt4 mutants have wild-type shoot branching,
the MAX pathway is the only one of the three involved
in branching control by the auxin transport capacity-de-
pendent mechanism. It will therefore be very interesting
to investigate further the specific physiological and de-
velopmental roles for each of these pathways to deter-
mine the extent to which they are each uniquely attuned
to function in different circumstances.

Conclusion

We have shown that the MAX pathway of Arabidopsis
regulates auxin transport capacity in the stem by regu-
lating abundance of PIN auxin efflux facilitator proteins.
This in turn allows regulation of shoot branching in
plants, and we propose that this is by modulating the
ability of buds to export auxin. Thus, auxin may influence
shoot branching via multiple pathways (Figure 6), one of
which appears to act at a distance from the target tissue
by modulating competition by auxin sources in the pri-
mary and axillary buds for auxin transport capacity.

Experimental Procedures

Plant Growth

For growth on soil, Arabidopsis thaliana seeds were sown on Lev-
ington’s F2 compost, at a density of one per 16 cm?. Seeds were
cold treated for 3 days after sowing and then grown at 20°C/15°C
in a 16 hr light/8 hr dark photoperiod, under a light intensity of
~150 pmolm~2s~". Branching measurements were made after ces-
sation of primary meristem activity.

Plants were grown under axenic conditions for bud hormone re-
sponse assays and inhibitor studies. Seeds were sterilized in 10%
(w/v) chlorine bleach and then washed with 70% (w/v) ethanol (x1)
and sterile distilled water (x6). Seeds were then cold-treated for 3
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days. Seeds were sown on Arabidopsis thaliana salts (ATS)-agar
(1% sucrose, 0.8% agar) medium, described by Lincoln et al. [3].
For inhibitor studies, appropriate concentrations of NPA or naringe-
nin were added to the media. Plants were then grown under a 22°C/
18°C 16 hr light/8 hr dark regime (90 pmolm~2s77).

The following plants lines were previously described: max1-1[17],
max2-1 [17], max3-9 [22], max4-1 [18], axr1-12 [3], tt4 (2YY6) [39],
tt4-1 [42], DR5::GUS [32], and PIN1p::PIN1:GFP [38]. Plant line
SALK_047613 (http://signal.salk.edu/cgi-bin/tdnaexpress) contains
a T-DNA insertion in intron 3 of PIN1 (At1g73590). Plants homozy-
gous for the insertion exhibit the typical pin-formed shoot pheno-
type and we renamed the line pin1-613. No PIN1-specific signal
was found in immunolocalization studies of pin1-613 roots, indicat-
ing that it represents a null allele (data not shown).

PIN1p::GUS

To generate PIN1p::GUS, we amplified 2044 bp of PIN1 promoter se-
quence (—2051 to —7 relative to the start codon) from Col-O genomic
DNA by using oligos 5'-GCAGGTCAATATAGATCATAAAGTG-3' and
5'-TTCGCCGGAGAAGAGAGAGGGAA -3'. The resulting fragment
was cloned into the pGEM-T (Promega, Madison, WI) and sub-
sequently transferred into pPZPGUS.1 [51], to give pPIN1::GUS.
Col-O plants were transformed with pPIN1::GUS. T2 progeny of sev-
eral independent transformants were tested for GUS staining and
a representative line containing a single transgene was brought to
homozygosity and subsequently used for detailed analysis.

Bud Hormone Response Assays

The split plate assay was performed essentially as described in [2].
Plants were grown in axenic conditions for 3 weeks, until bolting oc-
curred. The first cauline nodal section was then excised and placed
betweentwo agarblocks inaPetridish. Hormones etc. were added to
either agar block to assess the effect on bud outgrowth. In this study,
Naphthylacetic acid (NAA) (Sigma), 1-N-Naphthylphtalamic acid (NPA)
(Riedel-de-Haen), and Naringenin (Sigma) were used in the indicated
concentrations. The length of buds was assessed daily for 10 days.

Auxin Transport Assays

Two types of auxin transport assays were used, both of which were
modifications of the protocol described by Okada et al. [31]. In the
first, the apical ends of 15 mm stem segments (all from the first cau-
line internode) were incubated for 18 hr (under constant light condi-
tions) in 30 uL of 0.5x ATS medium (no sucrose), containing 1 uM '“C
labeled IAA (American Radiolabeled Chemicals, St Louis, MO). After
this time, the basal 5 mm of the stem segment was excised, and the
radiolabel was extracted by treatment with 80% (w/v) methanol for 48
hr. The amount of radiolabel was then quantified by scintillationin the
presence of Microscint-40 (Perkin-Elmer). In the second assay, bun-
dles of 10 (25 mm) stem segments were used to increase the signal-
to-noise ratio. The apical end of the segments were incubated in 300
uL of 0.5 ATS buffer (no sucrose), containing 1 uM '“C labeled IAA,
for 1 hr. The basal ends of the segments were then incubated in 160
uL 2.5 mM diethyldithiocarbamate buffer for 30 or 40 min periods, af-
ter which they were successively transferred to fresh buffer for 30 or
40 min, seven more times. The radiolabel collected in each period
was measured by scintillation in the presence of Microscint-40.

Histochemical Staining for GUS Activity

Histochemical localization of GUS activity was determined via
material from 4-week-old (PIN1::GUS) or 6-week-old (DR5::GUS)
soil-grown plants. Tissue was placed in X-Gluc staining solution
(0.5 mg/mL 5-bromo-4-chloro-3-indoyl-B-D-glucuronide, 50 mM so-
dium phosphate [pH 7.0], 0.05% Triton-X-100, 0.1 mM K,Fe(CN)s,
and 0.1 mM KgzFe(CN)g), and incubated at 37°C for 16 hr. Tissue
was then destained in 70% (w/v) ethanol.

In Situ Expression and Localization Analysis of GFP

PIN1p::PIN1:GFP was crossed into max7-1 and max3-9 and doubly
homozygous lines were used for analysis. Transverse and longitudi-
nal hand sections were made from basal internodes of inflorescence
stems (approximately 1 cm above the rosette) of 30-day-old plants.
Longitudinal sections were generated by radial cuts through the
center of a vascular bundle performed under a binocular micro-
scope. Sections were mounted in water and GFP fluorescence

was immediately inspected on a Zeiss Axiovert 200M-LSM 510
Meta confocal laser scanning microscope. For each genotype, 25—
30 samples were examined.

Semiquantitative RT-PCR Analysis

PolyA?* RNA was extracted from the base of inflorescence stems
(basal 4 cm) of 30-day-old plants by using the QuickPick mRNA Mi-
cro kit (BIO-NOBILE, Turku, Finland) as recommended by the sup-
plier. Extracted RNA was reverse transcribed with Superscript Il (In-
vitrogen, Paisley, UK) according to the manufacturer’s instructions.
cDNAs were diluted 1:7 in water for subsequent semiquantitative
RT-PCR under the following conditions: initial denaturation at 94°C
for 3 min; cycle settings: denaturation for 30 s at 94°C, annealing
for 30 s at 55°C, and extension for 45 s at 72°C. PCR with variable cy-
cle numbers was performed and quantified on agarose gels, ensur-
ing that reactions had not reached the plateau phase. UBIQUITINS
and TUBULIN9 expression levels were used as normalization con-
trols. Sequences of primers used in this study will be made available
upon request.

Supplemental Data
The Supplemental Figure can be found with this article online at
http://www.current-biology.com/cgi/content/full/16/6/553/DC1/.
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