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Polar auxin transport plays a key role in the regulation of plant growth and development. To identify genes involved in 
this process, we have developed a genetic procedure to screen for mutants of Arabidopsis that are altered in their re- 
sponse to auxin transport inhibitors. We recovered a total of 16 independent mutants that defined seven genes, called 
TRANSPORT lNHIBlTOR RESPONSE (TIR) genes. Recessive mutations in one of these genes, TR3, result in altered re- 
sponses to transport inhibitors, a reduction in polar auxin transport, and a variety of morphological defects that can be 
ascribed to changes in indole-3-acetic acid distribution. Most dramatically, tir3 seedlings are strongly deficient in lateral 
root production, a process that is known to depend on polar auxin transport from the shoot into the root. In addition, tir3 
plants display a reduction in apical dominance as well as decreased elongation of diques, pedicels, roots, and the inflo- 
rescence. Biochemical studies indicate that tir3 plants have a reduced number of N-1 -naphthylphthalamic (NPA) binding 
sites, suggesting that the TIR3 gene is required for expression, localization, or stabilization of the NPA binding protein 
(NBP). Alternatively, the TIR3 gene may encode the NBP. Because the tir3 mutants have a substantial defect in NPA 
binding, their phenotype provides genetic evidence for a role for the NBP in plant growth and development. 

INTRODUCTION 

Plants have the capacity to modify their growth and devel- 
opment in response to a wide variety of environmental cues. 
This regulation is accomplished in large part through the ac- 
tion of plant hormones such as indole-3-acetic acid (IAA) or 
auxin. The primary sites of IAA biosynthesis are thought to be 
in meristems and young developing organs. IAA is trans- 
ported to other sites in the plant via a specialized IAA polar 
transport system. Polar auxin transport has been demon- 
strated in a wide variety of plant species (Lomax et al., 1995). 

Physiological studies suggest that the auxin transport 
system plays an important role in the regulation of diverse 
developmental processes, including embryogenesis, stem 
elongation, apical dominance, leaf abscission, lateral root 
initiation, and tropisms (Lomax et al., 1995). Many of these 
studies involve the use of specific inhibitors of polar auxin 
transport such as N-1 -naphthylphthalamic acid (NPA) and 
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related compounds (collectively called phytotropins). For ex- 
ample, in the case of apical dominance, IAA produced in the 
apex of the shoot is thought to inhibit the growth of axillary 
meristems. In classic experiments, the application of NPA 
just below the apex of a variety of different plant species re- 
sulted in the release of dormant axillary buds (Tamas, 1995). 
These results suggest that IAA is transported to dormant 
meristems via the polar transport system. 

In roots, there is evidence for two streams of auxin trans- 
port. In one stream, IAA moves from the shoot into the stele 
of the root and down toward the root tip (Tsurumi and 
Ohwaki, 1978; Kerk and Feldman, 1995). In the second 
stream, IAA moves through epidermal cell files in a basipetal 
direction away from the root tip (Meuwly and Pilet, 1991). 
These two transport streams appear to have particular impor- 
tance for different developmental processes. Auxin synthe- 
sized in the shoot and transported into the root is required for 
lateral root development. Removal of the auxin-synthesizing 
tissues (e.g., the cotyledons) (Wightman and Thimann, 1980) 
or treatment of seedlings with NPA abolishes lateral root for- 
mation (Muday and Haworth, 1994; Reed and Muday, 1996). 
It is not clear what role, if any, IA4 from the shoot plays in 
primary root elongation. However, experiments with maize 
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have shown that IAA applied to the base of the root accu- 
mulates in the root tip, suggesting that shoot-derived IAA 
has a role in root elongation (Kerk and Feldman, 1995). The 
epidermal transport stream may play a key role in gravitro- 
pism (Evans, 1991; Meuwly and Pilet, 1991). Treatment of 
seedlings with low concentrations of NPA abolishes gravi- 
tropism, indicating that this process depends on regulated 
auxin transport (Muday and Haworth, 1994; Reed and Muday, 
1996). 

According to our current understanding, polar auxin trans- 
port requires the action of cellular IAA influx and efflux carriers 
(Lomax et al., 1995). A specific influx carrier has been pro- 
posed because IAA uptake into stem segments, protoplasts, 
or purified membrane vesicles is partly saturable by IAA or 
the synthetic auxin 2,443 (Davies and Rubery, 1978). Re- 
cently, Bennett et al. (1996) demonstrated that the AUX7 
gene of Arabidopsis encodes a protein related to amino acid 
permeases and suggested that this protein may function as 
an influx carrier. 

The auxin efflux carrier was defined using transport inhibi- 
tors such as NPA (Katekar and Geissler, 1977). These com- 
pounds bind to a single high-affinity binding site, the NPA 
binding protein (NBP; Muday et al., 1993), and inhibit cellular 
auxin efflux. The NBP has not been purified, and its function 
is not known. One possibility is that the NBP acts to regulate 
auxin efflux. Consistent with this model, experiments with 
protein synthesis inhibitors suggest that the NBP and the ef- 
flux carrier are distinct proteins (Morris et al., 1991). In addi- 
tion, severa1 studies with zucchini hypocotyls suggest that 
the NBP is a peripheral membrane protein that is localized 
to the cytoplasmic face of the membrane and associated 
with the cytoskeleton (Cox and Muday, 1994; Dixon et al., 
1996). However, Bernasconi et al. (1996), also working with 
zucchini, found that the NPA binding site is highly resistant 
to digestion by proteinase K and suggested that the protein 
is integral to the membrane. This result is consistent with a 
model in which the NBP is part of the efflux carrier. Finally, it 
is formally possible that the NBP does not normally function 
in auxin transport but disrupts transport when it is com- 
plexed with NPA. Further genetic and biochemical studies 
are required to establish the function of the NBP. 

Five Arabidopsis mutants have been identified with de- 
fects in auxin transport or NPA response. Three of these, 
pin-formed (pin), pinoid (pid), and monopteros (mp), also re- 
sult in the formation of aberrant inflorescences and floral 
meristems (Okada et al., 1991; Bennett et al., 1995; Przemeck 
et al., 1996). The mp mutant was originally isolated as a 
seedling lethal mutant (Berleth and Jurgens, 1993) but was 
recently shown to be affected in inflorescence morphology, 
vascular development, and auxin transport. Another mutant 
with a defect in vascular development, called lopped (lopl), 
has reduced auxin transport (Carland and McHale, 1996). 
The fifth mutant, roots curl in NPA (rcnl), displays differ- 
ences in NPA response that appear to be consistent with an 
increase in NPA sensitivity (Garbers et al., 1996). The RCNl 
gene has been cloned and encodes a phosphatase regula- 

tory subunit, suggesting that phosphorylation is involved in 
regulation of auxin transport. The rcn l  mutation does not af- 
fect NPA binding. NPA binding experiments have not been 
reported for pin, pid, or lopl.  

In an effort to identify additional gene products that are in- 
volved in auxin transport, we have screened for Arabidopsis 
mutants that have altered responses to auxin transport in- 
hibitors such as NPA. The transport inhibitor response (tir) 
mutants exhibit altered responses to these inhibitors as well 
as auxin-related growth defects. In this report, we focus on 
the tir3 mutants. Our results indicate that the TIR3 gene is 
required for synthesis, localization, or function of the NBP. A 
reduction in the number of NPA binding sites in the tir3 mu- 
tant is associated with reduced auxin transport and a variety 
of auxin-related growth defects, including a dramatic reduc- 
tion in the number of lateral roots. 

RESULTS 

Screening for Mutants Affected in Auxin Transport 

Phytotropins, such as NPA, 2-carboxyphenyl-3-phenylpro- 
pane-l,2-dione (CPD), or methyl-2-chIoro-9-hydroxyfluo- 
rene-9-carboxylate (CFM), inhibit polar auxin transport by 
inhibiting cellular IAA efflux. When Arabidopsis seedlings are 
grown on medium containing phytotropin, the roots display 
a characteristic response. There are three components to 
this response. (1) Lateral root formation is inhibited at ex- 
tremely low concentrations (0.05 pM). (2) At slightly higher 
concentrations, root gravitropism is disrupted. (3) At -0.1 
pM and higher, root elongation is inhibited and the root tip 
swells (Figures 1 and 2). A similar set of responses is ob- 
served in other plant species (Muday and Haworth, 1994; 
Muday et al., 1995). To define genes whose products are in- 
volved in auxin transport, we have used the seedling re- 
sponse to NPA to screen for NPNCPD/CFM-resistant 
mutants. A total of 120,000 M2 seedlings were plated on 
medium containing 5 pM NPA, 5 pM CPD, or 0.1 pM CFM 
(see Methods for details). Twenty-six recessive mutants that 
displayed increased root elongation on these compounds 
were recovered. Subsequent studies showed that each of the 
mutants is resistant to NPA, CPD, and CFM. Genetic analyses 
indicated that 10 of the mutants had mutations in the AXR7 
gene and were also resistant to auxin. The remaining 16 mu- 
tants defined seven new TIR genes (TIR7 through TlR7). 

The number of mutant alleles of each gene recovered is 
indicated in Table 1. Six of the genes (TIR2 through TlR7) 
were mapped by crossing a homozygous mutant plant in 
the Columbia (Col-O) background to a wild-type plant in 
the Landsberg erecta (Ler-O) background. Mutant F2 plants 
were recovered, and DNA was isolated from each plant. The 
segregation of the Arabidopsis restriction fragment length 
polymorphism set (ARMS) and simple sequence length poly- 
morphism markers was determined by DNA gel or polymerase 



Reduced NPA Binding in an Auxin Transport Mutant 747

10 10 10 10 10 10 10

Figure 1. Growth of Wild-Type and tir3-1 Seedling Roots on NPA
and CPD.

Three-day-old wild-type and tir3-1 seedlings were transferred to
medium containing various concentrations of NPA or CPD. Root
growth over the next 5 days was recorded and expressed as a per-
centage of root growth on medium without an inhibitor.
(A) Root growth on CPD.
(B) Root growth on NPA.
Error bars represent the standard error. At least 12 seedlings were
measured for each data point. Root length on medium without an in-
hibitor was 42.2 ± 2.9 mm (n = 24) for the wild type and 34.5 ± 3.0
mm(n = 24) for tir3-1.

chain reaction (PCR), respectively. The results of this analysis
are shown in Table 1. This article focuses on the TIR3 gene.
Two mutant alleles of this gene, called tir3-1 and tir3-2, were
recovered from diepoxybutane-mutagenized populations.
The two alleles have a similar phenotype. The tir3-1 mutant
was designated the reference allele and characterized in
detail.

tir3 Mutants Display Altered Responses to
Phytotropins

The tir3 mutants were recovered by screening for seedlings
with increased root elongation on phytotropin. To fully char-
acterize the response of the tir3-1 mutant to phytotropin, we
determined the effects of NPA or CPD on root elongation
and root tip morphology. The effects of these compounds
on root elongation are shown in Figures 1A and 1B. Using a
50% inhibitory concentration (IC50) as an indication of sensi-
tivity, we found that tir3-1 is between 20- and 50-fold less
sensitive to phytotropin than is the wild type.

Figure 2. Morphology of Wild-Type and tir3-1 Roots Exposed to
CPD.

Seedlings were grown for 7 days and photographed using a dissect-
ing microscope.
(A) Wild-type seedling grown on minimal medium.
(B) Wild-type seedling grown on minimal medium plus 5 (xM CPD.
(C) tir3-1 seedling grown on minimal medium.
(D) tir3-1 seedling grown on minimal medium plus 5 |j.M CPD.
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Table 1. TIR Complementation and Mappinga 

Chromosomesb 

No. lndependent MaP 
Locus Alleles Marker NR R PositionC 

TlRl 5 
TIR2 4 3158 43 5 1:145 

TIR3 2 nga172 46 4 3:O 

TIR4 1 254A 33 13 1320 

TIR5 2 217C 31 11 5:50 

TIR6 1 448A 41 5 4:15 

TIR7 1 217C 41 1 5:20 

aThe TlRl locus was mapped by the method of Lister and Dean 
(1993; recombinant inbred lines). The remaining loci were mapped 
with respect to the indicated marker loci by using the methods of 
Fabri and Schaffner (1994; ARMS) or Bell and Ecker (1994; simple 
sequence length polymorphism markers). 
bThe number of nonrecombinant (NR) or recombinant (R) chromo- 
somes scored at the marker position shown. 
CChromosome and approximate map position with respect to the 
Arabidopsis recombinant inbred map (NASC http:Nnasc.nott.ac.uk/). 
Linkage distances were derived using the Haldane mapping function 
(see Koornneef and Stam, 1992). 

453A 47 1 

56082 36 12 

3158 43 3 

247A 30 13 

3268 33 13 

247A 31 15 

In addition to inhibiting root elongation, phytotropins have 
a profound effect on morphology of the root tip. After sev- 
era1 days on the inhibitor, the tips of wild-type seedlings be- 
came significantly swollen (Figures 2A and 26). This swelling 
was less pronounced in tir3 seedlings (Figures 2C and 2D). 
To determine the cause of root tip swelling, sections from 
treated and untreated wild-type and ti# roots were exam- 
ined. The results are shown in Figure 3. The Arabidopsis 
root has a relatively invariant cellular organization main- 
tained in the postembryonic root by a series of stereotypical 
cell divisions in the meristematic initials and their derivatives 
(Figures 3A and 3E). The meristem has a closed organization 
with three tiers of initials lying above the root cap (Dolan et 
al., 1993). Treatment of wild-type seedlings with CPD caused 
dramatic changes in this organization (Figure 3C, 3G, and 
31). The initials were no longer arranged in three tiers, and 
the meristem had a more open appearance without a clear 
demarcation between the initials and the root cap. Unpro- 
grammed periclinal cell division resulted in a large increase 
in the number of cell files in CIPD-treated wild-type roots, 
particularly distal from the root tip. This is most clearly evi- 
dent in Figures 3E, 3G, and 31. It was no longer possible to 
clearly identify cortical and epidermal cell layers in these 
roots. In addition, the zone of cell division, characterized by 

isodiametric cell shape, was greatly expanded in CPD- 
treated roots. In untreated roots, the cell division zone com- 
prised the distal 250 pm (data not shown), whereas in 
treated roots, this zone extended back -500 p,m from the 
root tip (Figure 31). As a consequence, the zone of cell elon- 
gation was displaced distally. These changes suggest that 
auxin and perhaps gradients of auxin concentration are im- 
portant for organization of the meristem. 

When grown on mininal medium, tir3-7 roots are similar to 
the wild type in appearance (Figures 38 and 3F). The col- 
umella cell files are straighter in ti#-7 seedlings than in wild- 
type seedlings, giving the root cap a more closed appear- 
ance. The effects of CPD on ti# root structure were much less 
pronounced than those seen in the wild type. A moderate in- 
crease in cell number was observed, and the tissue was much 
better organized than in wild-type CPD-treated roots (Figures 
3D, 3H, and 3J). It was still possible to identify the central cells 
as well as epidermal and cortical cell files in these sections. 
Similarly, the elongation zone was only sightly displaced 
compared with untreated roots (Figure 31). Based on these re- 
sults, we conclude that exposure to the auxin transport in- 
hibitor causes aberrant cell division in the root tip, resulting 
in a disruption of meristem organization, an increase in the 
size of the division zone, and displacement of the elongation 
zone. The tir3-7 mutation acts to reduce these effects. 

It is worth noting that the seedlings’ response to phytotro- 
pin is very different from the seedlings’ response to auxin 
(Muday et al., 1995). Treatment of seedlings with an active 
auxin has little effect on gravitropism in Arabidopsis and 
stimulates lateral root development in most plants. Although 
auxin and phytotropin both inhibit root elongation, the ef- 
fects of these two compounds on root morphology are quite 
different. In particular, auxin does not promote the orga- 
nized swelling that is observed after phytotropin treatment. 
Instead, cells in the epidermis swell and peel away from the 
underlying cortical layer. Prolonged exposure results in gen- 
eration of completely disorganized callus tissue. Presum- 
ably, these differences are dueto the mode of action of the 
two compounds. Treatment with phytotropin results in 
changes in the distribution of endogenous auxin within the 
organ, whereas auxin treatment causes an increase in auxin 
levels in all tissues of the root. 

The tir3 Phenotype Is Not Caused by a Defect in Auxin 
Response 

The results described above suggest that the tir3-7 mutants 
are impaired in auxin transport and as a consequence dis- 
play altered responses to phytotropin. However, because 
phytotropins act to increase intracellular auxin levels by in- 
hibiting efflux, a mutation affecting auxin response would 
also alter a response to phytotropins. In fact, 1 O new axrl mu- 
tants were recovered in our screen. To determine whether the 
tir3 mutants are less sensitive to auxin, we examined the re- 
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sponse of tir3-7 seedlings to IAA and the synthetic auxin 2,4-D. 
In this assay, tir3 roots were only slightly resistant to auxin 
compared with the wild type, suggesting that altered re- 
sponse to phytotropin is probably not due to a decrease in 
auxin responsiveness (data not shown). 

The tir3-f Mutants Have Reduced IAA Transport in the 
lnflorescence 

Because of the small size of the Arabidopsis seedling, it is 
difficult to measure IAA transport in either the hypocotyl or 
root. Instead, we measured polar IAA transport in inflores- 
cence segments, as described by Okada et al. (1991). Figure 
4 shows that in the wild type, auxim begins to accumulate in 
the basal part of the segment within 2 hr and continues to 
accumulate throughout the experiment. This transport is in- 
hibited by NPA. Polar auxin transport was also detectable 
within 2 hr in tir3-7 segments, indicating that the initial ve- 
locity of transport was similar for the two genotypes. How- 
ever, the amount of IAA transported in tir3-7 stems was 
significantly reduced when compared with that in the wild 
type. At 18 hr, the total IAA transported in tir3-7 stems was 
-30% of that found in wild-type stems. Acropetal transport 
was also measured in both genotypes and found to be 
much lower than basipetal transport, but it was similar in 
both wild-type and tir3-7 tissues (data not shown). 

To determine whether reduced IAA transport in tir3-7 
stems is associated with gross changes in stem morphol- 
ogy, we examined sections of wild-type and tir3-7 stems 
with the scanning electron microscope. Figures 5A and 5B 
show that tir3-7 stem tissue has an organization similar to 
that of wild-type stems. The thickness of Arabidopsis stems 
for both the wild type and tir3-7 is somewhat variable, and 
as shown in Figure 5, the tir3-7 stem is thicker and has more 
vascular bundles. However, in other respects, the tir3-7 
stem is similar to wild-type stems in appearance. Figures 5C 
and 5D show a vascular bundle from wild-type and tir3-7 
stems. All of the cell types present in the wild-type stem are 
also present in tir3-7 stem. In particular, the cortical cells di- 
rectly adjacent to the phloem are similar in size and number 
in wild-type and tir3-7 stems. These cells are thought to be 
the major site of polar auxin transport in dicot stems (Morris 
and Thomas, 1978). 

Decreased IAA Transport 1s Associated with Reduced 
Numbers of NPA Binding Sites in Microsomes 

To determine whether resistance to NPA and CPD is associ- 
ated with changes in NPA binding, we analyzed NPA bind- 
ing in microsomes prepared from 3-day-old etiolated 
seedlings. High background binding in these preparations 
(46% of total counts) precluded a saturation analysis. How- 
ever, at 10 nM NPA concentrations, microsomes from tir3 
seedlings consistently displayed lower 3H-NPA binding activity 

than did microsomes from wild-type seedlings (Figure 6). In 
a typical experiment, tir3-7 microsomes had 41 % (0.2 pmol/ 
mg protein) of the NPA binding activity of wild-type mi- 
crosomes (0.5 pmol/mg protein). 

NPA binding studies using microsomes prepared from 
mature rosettes indicated that this material had less back- 
ground binding than did microsomes from seedlings. A satu- 
ration curve of 3H-NPA binding over a range of concentrations 
is shown in Figure 7. The background at the highest concen- 
tration is ~ 2 5 %  of the total. In the presence of detergent, 
3H-NPA binding was sensitive to digestion by protease, indi- 
cating that this assay measures the binding of NPA to a pro- 
tein site. From similar saturation data, Lineweaver-Burk 
plots of NPA binding were constructed for wild-type and 
tir3-7 microsomes. The Lineweaver-Burk plots were used to 
calculate the dissociation constant (Kd), which describes the 
affinity of the protein for NPA, and the B,,,, which estimates 
the number of NPA binding sites in the preparation. Values 
that are the average of three separate experiments are re- 
ported in Table 2. The affinity of the NBP for NPA in these 
two genotypes was similar, but there is a threefold lower 
abundance of NPA binding activity in the tir3 microsomes 
prepared from rosettes compared with those of the wild 
type. Student’s t tests were performed to analyze the differ- 
ence between the wild-type and tir3-7 values. For B,,, a P < 
0.05 indicates that the values are statistically different. In con- 
trast, the Kd values exhibited no statistical difference with a P > 
0.2. A similar study was performed with microsomes pre- 
pared from mature root tissue. In this case, background 
binding was considerably higher than in rosette tissue. 
Nonetheless, the B,, in tir3-7 microsomes was also twofold 
lower than that observed in microsomes from wild-type 
rOOtS (P < 0.001), whereas the Kd values were similar (P > 
0.2; Table 2). These results indicate that the number of NPA 
binding sites is reduced in seedlings as well as in roots and 
rosettes of mature tir3-7 plants. 

The tir3 Mutants Are Deficient in Organ Elongation and 
Lateral Root Development 

The tir3 mutants have a distinctive phenotype that is charac- 
terized by a reduction in the length of all elongating organs 
and the near absence of lateral roots in seedlings. Figures 
8A to 8D illustrate the rosette and inflorescence morphology 
of tir3-7 and wild-type plants. Morphometric analyses of 
these plants are summarized in Table 3. These data show 
that elongation of all organs was reduced in tir3-7 plants, in- 
cluding inflorescences, siliques, pedicels, and roots. Mea- 
surement of epidermal cell length indicated that cell length 
was similar to that of the wjld type in the root but reduced in 
the inflorescence. Thus, the decrease in organ elongation 
appears to be due to changes in both cell division and/or cell 
elongation, depending on the organ. In addition to the elonga- 
tion defect, tir3-7 plants had decreased apical dominance. 
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Figure 3. Effect of CPD on Cellular Organization of Wild-Type and tlr3-1 Roots.
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Figure 4. Polar Auxin Transpor? in Wild-Type and tia-7 Inflores- 
cence Stems. 

Two and one-half centimeters of stem was excised, and the apical 
end was placed in a nutrient solution containing 1 pM I4C-IAA for 
the times indicated. The amount of radioactive IAA transported to 
the basal end of the stem was assayed by liquid scintillation. Each 
column represents the mean of three replicates, and the bar repre- 
sents the standard error of the mean. 

Mutant plants had more than twice the number of secondary 
inflorescences compared with the wild type. 

One of the most striking defects in tir3 seedlings was a 
dramatic reduction in lateral root formation (Figures 8E and 
8F). When grown on agar medium for 10 days, most tir3-7 
seedlings had no lateral roots, whereas wild-type seedlings 
had an average of 6.3 ? 0.4 (n = 10) lateral roots. When mu- 
tants were grown on medium supplemented with IAA or 2,4-D, 
they developed lateral roots of normal appearance, indicating 

that the tir3-7 defect does not reflect a general inability to 
form a lateral root meristem (data not shown). 

DISCUSSION 

A Screen for Mutants Affected in Auxin Transport and 
Auxin Response 

Auxin transport inhibitors such as NPA inhibit root elonga- 
tion in Arabidopsis seedlings. Previous studies with tomato 
suggest that the effect of NPA on elongation growth is due 
to the accumulation of IAA in the root tip (Muday and 
Haworth, 1994; Muday et al., 1995). We have used the NPA 
response to screen for new Arabidopsis mutants that are af- 
fected in auxin transport andlor auxin response. Seven new 
genes (TIR7 through TIR7) were identified in this screen. To 
date, we have characterized the tir7 and tir3 mutants in de- 
tail. The tir7 mutants, like the a r 7  mutants, are resistant to 
auxin as well as NPA and are affected in auxin response (M. 
Ruegger, E. Dewey, W. Gray, L. Hobbie, J. Turner, and M. 
Estelle, unpublished data). In contrast, the results described 
here suggest that the TIR3 gene functions in auxin transport. 

Decreased Levels of the NBP Are Associated with 
Reduced IAA Transport 

The effects of NPA on auxin efflux and polar auxin transport 
suggest that the NBP has an important role in these pro- 
cesses. Further, Suttle (1 991) demonstrated a correlation 
between the leve1 of NPA binding activity and the amount of 
IAA transported in sunflower stem segments, suggesting 
that the NBP has a positive role in IAA efflux. Our results 
with the tir3-7 mutant provide strong support for this view. 
NPA binding studies indicate that microsomes prepared 
from tir3-7 rosettes, roots, and seedlings have 50 to 70% 
fewer NPA binding sites than do microsomes from wild-type 
tissues, whereas the Kd value for binding was similar for 
both genotypes. These differences are associated with a large 
reduction in the amount of IAA transported in the stem. The 
relationship between the TIR3 gene and the NBP is uncertain. 

Figure 3. (continued). 

(A) to (D) Cross-sections of roots 300 pm from the root tip. (A) and (C) are from wild-type seedlings grown on minimal medium and minimal me- 
dium plus 5 pM CPD, respectively. (B) and (D) are from tir3-l seedlings grown on minimal medium and minimal medium plus 5 pM CPD, respec- 
tively. 
(E) to (J) Media1 longitudinal sections of root tips from seedlings. (E), (G), and (I) are from wild-type seedlings grown on minimal medium (E) or 
minimal medium plus 5 pM CPD ([G] and [I]). (F), (H), and (J) are from tia-7 seedlings grown on minimal medium (F) or minimal medium plus 5 

In (A), (B), and (D), the red dots indicate the epidermal cell layer, and the green dots indicate the cortical cell layer. Bars in (A) to (H) = 20 pn; 
bars in (I) and (J) = 50 pm. 

WM (tH1 and M ) .  
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Figure 5. Scanning Electron Microscopy of Sections Prepared from Wild-Type and tir3-1 Stems.

(A) and (B) Cross-sections of wild-type and tir3-1 stems, respectively. Sections are from stem segments collected in the apical 2 cm of inflores-
cences after 44 days of growth.
(C) and (D) Higher magnification of sections viewed in (A) and (B), respectively.
Arrows in (C) and (D) indicate cortical cells implicated in polar auxin transport. Bars in (A) and (B) = 100 (xm; bars in (C) and (D) = 40 jxm.

It is possible that the TIR3 gene encodes the NBP and that
the tlr3 mutations result in reduced protein levels. Alterna-
tively, TIR3 could be involved in synthesis and/or localiza-
tion of the NBP. A third possibility is that the gene encodes a
protein that interacts with the NBP, and in its absence, the
NBP becomes destabilized. We expect that the molecular
characterization of TIR3 will help determine which of these
possibilities is correct.

Role of TIR3 and Auxin Transport in Plant Development

The tir3 mutants display a variety of growth defects. Al-
though other possibilities cannot be excluded, the simplest
explanation for these defects is altered IAA distribution re-
sulting from a defect in polar auxin transport. Several as-
pects of the tir3 root phenotype are consistent with a
reduction in IAA transport into the root system. First, root

growth in tir3 seedlings is resistant to the effects of NPA.
Muday et al. (1995) have suggested that in tomato, NPA in-
hibition of root elongation is caused by IAA accumulation in
the root tip. Our results, including the behavior of the auxin-
resistant mutant axrl, indicate that this is true in Arabidopsis
as well. If tir3 seedlings have the same transport defect that
we have demonstrated in mutant stem segments, then less
IAA is transported into the seedling root. Consequently,
when mutant seedlings are treated with NPA, lower levels of
IAA accumulate in the root tip compared with those in the
wild type, and growth inhibition is less severe. Although we
have not measured IAA transport in seedlings, the reduction
in NPA binding activity in these tissues makes it likely that
transport is reduced in this tissue as it is in stems. Second,
tir3 seedlings have a dramatically reduced number of lateral
roots. Studies have shown that lateral root initiation is de-
pendent on IAA transported from the shoot into the root
(Wightman and Thiman, 1980; Reed and Muday, 1996).
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Thus, in the case of tir3, the absence of lateral roots can be 
explained by decreased auxin transport from the shoot. 
Consistent with this hypothesis, we found that treatment of 
tir3 roots with 2,4-D induces a normal number of lateral roots 
(E. Dewey and M. Estelle, unpublished data). Because 2,4-D 
is not a good substrate for the auxin efflux carrier (Delbarre et 
al., 1996), polar auxin transport presumably does not play a 
role in lateral root induction with this compound. 

Another aspect of the tir3 phenotype is reduced organ 
length in the inflorescence, silique, pedicel, and root. Exper- 
iments with applied NPA in a variety of plants clearly impli- 
cate auxin transport in elongation growth (Lomax et al., 
1995). If a growing stem is girdled with NPA, elongation in- 
creases above the site of application and decreases below 
the girdle. Thus, in tir3 plants, stem elongation may be re- 
duced because less IAA is being transported from the mer- 
istem into the elongation zone. Consistent with this model, 
we found that cell length is reduced in tir3 stems relative to 
those of the wild type. The situation is somewhat different 
for tir3 roots, in which a reduction in growth is associated 
with a change in cell number rather than cell length. This 
may be because cell division in the root tip is dependent in 
part on auxin that is transported from the shoot system. We 
suggest that less auxin is moving into the root system in tir3 
plants, thus resulting in reduced cell division in the root tip. 

The phenotype of tir3 plants as well as the effects of NPA 
on wild-type plants strongly suggest that regulated move- 
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Figure 6. 3H-NPA Binding to Microsomes Prepared from Etiolated 
Wild-Type and tir3-7 Seedlings. 

Individual results from four independent experiments are reported. 
Values are given as a percentage of NPA binding in the wild type. 
Representative specific binding in the wild type was 0.5 pmol/mg of 
protein (0.68 total for 0.1 8 nonspecific). Bars represent standard errors. 
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Figure 7. Saturation Curve of 3H-NPA Binding to Microsomal Mem- 
brane Preparation from Wild-Type Rosettes. 

Total, specific, and background binding were determined over a 
range of 2 to 10 nM 3H-NPA after incubation for 1 hr at 4°C. Back- 
ground or nonspecific binding was determined by the addition of 10 
p,M unlabeled NPA to each 3H-NPA concentration. The average 
background in this experiment was calculated to represent 23% of 
total binding. Bars represent standard errors. 

ment of IAA plays a key role in plant development. As has 
been proposed previously, the NBP may function as a regula- 
tor of IAA transport. Thus, plants could control IAA leve1 and 
distribution by regulating the levels of NBP. In addition, it is 
possible that a natural NBP ligand such as a flavonoid may be 
involved in regulation of transport (Jacobs and Rubery, 1988). 
We expect that the molecular characterization of the TIR3 
gene as well as other TIR loci will provide important new in- 
sights into the mechanism and regulation of auxin transport. 

Organization of the Root Meristem 1s Disrupted by 
Changes in IAA Levels 

Because auxin is essential for division of plant cells in cul- 
ture, it is likely to play a key role in meristem function. In the 
case of lateral root meristems, it is clear from both physio- 
logical and genetic studies that auxin is required for initiation 
and maintenance of the meristem and continued growth of 
the lateral root (Celenza et al., 1995; Hobbie and Estelle, 
1995). The situation in the root apex is less clear. Kerk and 
Feldman (1994, 1995) proposed that IAA has a special role 
in maintaining the quiescent center of the root meristem. In 
their experiments, 2,3,5-triiodobenzoic acid (another auxin 
transport inhibitor) was applied 2 cm back from the root tip 
of maize seedlings. The effect of this treatment is to stimulate 
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Table 2. Comparison of 3H-NPA Binding Constantsa in Wild-Type 
and tir3-7 Microsomes Prepared from Rosette Tissue 

Tissue Wild Type tir3-7 Wild Type tir3-7 
Source (B,J (BtnaA (Kd) (Kd) 

Rosettes 0.31 ? 0.06 0.11 2 0.02 17 ? 4.4 24 ? 6.2 
Roots 0.03 ? 0.007 0.015 2 0.004 10 t 1.8 6.2 t 1.5 

a Reported values were derived from Lineweaver-Burk plots and rep- 
resent the average and standard error of three separate experiments 
with six connections of 3H-NPA. Kd is calculated as - I / x  intercept; 
B,, is defined as l /y  intercept. 

unusual periclinal divisions in the meristem, resulting in the 
loss of the closed meristem structure typical of maize. The 
boundary between the root cap and the root proper be- 
comes obscure. We observed similar changes in NPA- 
treated Arabidopsis seedlings. These experiments indicate 
that changes in IAA concentration can have a profound ef- 
fect on organization of the meristem. Also, the meristem in 
tir3-7 mutants (untreated) is more closed than in wild-type 
roots, possibly because of decreased IAA levels in the mu- 
tant meristem. 

In addition to affecting the meristematic initials and the 
root cap, NPA dramatically expands the size of the cell divi- 
sion zone and displaces the elongation zone back from the 
root tip in wild-type plants. Cells with an isodiametric shape 
extend up to 500 p m  back from the root tip in treated roots, 
compared with -250 pm for untreated roots. At 500 km, 
there is a very sharp transition between isodiametric cells 
and elongated cells of relatively normal size. Apparently, cell 
elongation is not inhibited once the cells are a sufficient dis- 
tance away from the root tip. These results suggest that the 
transition from cell division zone to elongation zone may in- 
volve changes in IAA concentration. We propose that in an 
untreated root, there is a concentration gradient of IAA, with 
highest levels at the root tip and decreasing levels at posi- 
tions farther back from the tip. At higher IAA concentrations, 
cell division is favored. As cells move away from the mer- 
istem, IAA levels decrease, cell division ceases, and cells 
elongate to their mature size. In NPA-treated roots, the IAA 
concentration gradient may be altered such that IAA levels 
are high enough to promote cell division farther back from 
the tip. Additional studies are required to confirm this model. 
In particular, it would be interesting to examine roots that 
have much lower IAA levels in the root tip. 

METHODS 

Plant Materials and Growth Conditions 

All mutant lines were in the Arabidopsis thaliana Columbia (COLO) 
ecotype. Plants were grown at 21 to 23°C under continuous fluores- 

. 

cent illumination (100 to 150 pE m-, sec-l) in 13-cm clay pots con- 
taining Metro-Mix (W.R. Grace and Co., Milipitas, CA) or an 
equivalent soilless mixture. During the first 3 weeks of growth, a min- 
eral nutrient solution containing 5 mM KN03, 2.5 mM KPO, (adjusted 
to pH 5 3 ,  2 mM MgSO,, 2 mM Ca(NO,),, 50 pM Fe-EDTA, 70 pM 
H,BO,, 14 pM MnCI,, 0.5 pM CuSO,, 1 pM ZnSO,, 0.2 pM Na2Mo0,, 
1 O pM NaCI, and 1 O nM CoCI, was supplied to the plants. For many 
experiments, plants were grown under sterile conditions in Petri 
plates containing this nutrient solution plus 0.7% agar, 1 % sucrose 
(w/v), and various hormones or inhibitors as indicated. Before plat- 
ing, seeds were surface sterilized by agitation for 1 O to 20 min in 20% 
commercial bleach and 0.02% Triton X-100, rinsed severa1 times 
with sterile water, and held at 4°C for 4 days to enhance germination. 
The seeds were dispersed on the growth media with sterile water. 
The plates were oriented vertically and held in an incubator contain- 
ing fluorescent lighting (30 to 50 pE m-, sec-l with a 16-hr photope- 
riod) and at a temperature of 20 to 21°C. In all experiments in which 
plants were grown, day O is considered to be the time when seeds 
were first placed in the growth conditions described above. 

lsolation of Mutants 

For chemical mutagenesis, seeds were soaked for 16 hr in 0.3% (v/v) 
ethyl methanedfonate or for 4 hr in 1 O mM diepoxybutane and then 
rinsed extensively with water. y Mutagenesis was performed by 
soaking seeds in water for 3 hr and then exposing them to 60 krad in 
an irradiator (J.L. Shephard, Glendale, CA) containing 137Cs. The mu- 
tagenized seed (M, generation) was sown and allowed to self-polli- 
nate. M, progeny were collected and plated (on day O) at a density of 
300 to 400 seeds per 1 00-mm Petri plate containing 5 pM N-1 -naph- 
thylphthalamic acid (NPA), 5 pM 2-carboxyphenyl-3-phenylpropane- 
1,2-dione (CPD), or 0.1 pM methyl-2-chloro-9-hydroxyfluorene-9- 
carboxylate (CFM). To recover mutants with reduced sensitivity to 
growth inhibition by the compound, M2 seedlings with roots longer 
than those of the wild-type controls were transferred on day 6 from 

Table 3. Morphometric Analysis of the Wild Type and tir3-7 

Measurement Wild Typea tir3-la 

Height of main inflorescence (cm) 
Number of lateral branches on 

primary inflorescences 
Number of siliques on primary 

inflorescences 
Distance between siliques (mm) 
Silique length (mm) 
Pedicel length (mm) 
Number of secondary 

inflorescences 
Number of lateral roots after 

1 O days 
Root length after 8 days 
Length of inflorescence 

epidermal cells (pm) 
Length of root epidermal 

cells (pm) 

46.5 2 0.9 
2.9 t 0.1 

33.2 ? 1.2 

11.3 ? 0.3 
17.5 t 0.2 
9.9 + 0.2 
1.5 t 0.2 

6.3 + 0.4 

42.2 t 2.9 
320 t 8 

259 t 10 

23.8 t 0.7 
3.4 ? 0.2 

27.5 ? 1.6 

7.0 ? 0.3 
9.8 ? 0.2 
3.8 2 0.1 
3.8 + 0.4 

0.0 ? 0.0 

34.5 t 3.0 
200 i 6 

245 t 8 

a +SE. 
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Figure 8. Morphology of Wild-Type and tir3-1 Plants.

(A) and (B) Wild-type and tir3-1 rosettes, respectively, photographed after 21 days of growth.
(C) and (D) Wild-type and tir3-1 plants, respectively, photographed after 35 (C) and 41 (D) days of growth.
(E) and (F) Wild-type and tir3-1 seedlings, respectively, grown on vertically oriented agar medium and photographed after 12 days.

the primary plates to secondary plates containing the same com-
pound. After an additional week of growth, seedlings having roots
that continued to grow more rapidly than did those of wild-type con-
trols were transferred to potting mix.

Genetic Analyses

For genetic analyses, resistance to inhibition of root growth by a
transport inhibitor was assayed by plating seed on a medium con-
taining 5 (iM CPD. Root growth was determined after 7 or 9 days.
Resistance to 0.2 \iM 2,4-D was assayed in a similar manner.

The tir2, tir3, tir4, tirS, tir6, and tir7 mutants were all mapped using
the Arabidopsis restriction fragment length polymorphism mapping
set (ARMS) (Fabri and Schaffner, 1994). In each case, -25 CPD-

resistant F2 seedlings were scored for the 13 ARMS probes. Addi-
tional resolution was obtained for tir3 by examining segregation of
the simple sequence length polymorphism marker nga172 in 25 F2

plants of a tir3-1 x Landsberg erecta (Ler) cross (Bell and Ecker,
1994).

Morphometric Analysis

Seeds were sown at a density of 30 to 60 seeds per 13-cm pot. The
pots were held at 4 'C for 3 or 4 days and then transferred to a growth
chamber set at 20°C. Illumination was continuous and consisted of
~90 (iE m 2 sec ' of fluorescent light and 20 (j.E m 2 sec 'of incan-
descent light. After germination, the seedlings were thinned to ~12
per pot and fertilized with the nutrient solution described above.



756 The Plant Cell 

Measurements, as described in the text, were made after the plants 
had ceased flowering. 

To determine the number of lateral roots, seeds were sown on nu- 
trient medium in 82-mm Petri plates as described above. On day 3, 
seedlings were transferred to 150-mm Petri plates (containing the 
same medium), and the plates were returned to the incubator. On 
day 10, the number of lateral roots on each seedling was scored with 
the aid of a dissecting microscope. 

To determine sensitivity to growth inhibitors, seeds were sown on 
inhibitor-free nutrient medium in 82-mm Petri plates, as described 
above. Three days after placing the plates in the incubator, seedlings 
were transferred to new plates containing the test compound. Five 
days later, roots were straightened, and growth over the previous 
five days was measured. Root growth was plotted as a percentage of 
growth on unsupplemented medium. 

Fixation, Embedding, and Sectioning 

Seedlings were grown vertically on nutrient medium for 7 days. Root 
tips were overlaid with 0.7% agar, and the root tip was cut 3 to 4 mm 
from the tip. Agar-embedded root tips were placed into freshly made 
cold 4% formaldehyde-1% glutaraldehyde in 0.05 M sodium phos- 
phate, pH 7.2, with 0.02% Triton X-I 00. Root tips were fixed for 3 hr 
at 4"C, rinsed in cold sodium phosphate buffer, and postfixed over- 
night in 2% OsO, at room temperature. The root tips were then 
rinsed in sodium phosphate buffer, dehydrated through a graded 
ethanol series followed by acetone, and embedded in Spurr's resin. 
Thin sections (0.5 pm) were cut on a microtome (Sorvall, Newtown, 
CT) and then stained with 1 % toluidine blue-1 % borax. Stem tissue 
used for scanning electron microscopy was treated as described in 
Lincoln et al. (1990). 

Auxin Transport Assays 

Auxin transport assays were performed according to the method of 
Okada et al. (1991). Stem segments (2.5 cm) of primary inflorescence 
were incubated in a 1.5-mL Eppendorf centrifuge tube containing 30 
pL of nutrient solution with 1 p,M '4C-indole-3-acetic acid (IAA, 1.74 
nCi/mL) with or without 15 pM NPA. The segments were incubated 
with their apical end in the solution for various times from 2 to 18 hr. 
After the incubation, a 5-mm section from the basal end of the seg- 
ment was excised and added to 3 mL of liquid scintillation cocktail 
(Bio-Safe II; RPI, Mount Pleasant, IL). The samples were shaken at 
100 rpm for at least 2 hr and left overnight at room temperature be- 
fore scintillation counting in a scintillation counter (model LS 6500; 
Beckman Instruments). Individual experiments involved three stem 
segments for each time point. Stems incubated with the basal end in 
the solution transported low levels of 14C-IAA. Wild-type and tir3 
plants at the same developmental stage were chosen for the experi- 
ment. Because tir3 bolts 4 week later than do wild-type plants, the 
ages of the plants were 41 days for the wild type and 49 days for tir3. 
The plants were grown in 24 hr of light (105 FE m-, sec-l), and the 
experiment was repeated three times with similar results. 

Microsomal Membrane Preparation and 3H-NPA 
Binding Assays 

For experiments on rosette leaves and mature roots, Arabidopsis 
seeds were sterilized and plated in dense lines on germination media 

(1 X Murashige and Skoog salts [Gibco Laboratories, Grand Island, 
NY], 0.5 g/L Mes, 1 % sucrose, 0.8% agar, and 0.05 mg/mL ampicil- 
lin, pH 5.8). Plates were placed at 4°C for 2 to 3 days in the dark to 
enhance germination. Plates were then placed upright under contin- 
u o u ~  light at 21°C in an incubator for -3 weeks. Rosette microsomes 
were prepared according to the method of Dixon et al. (1996). 3H-NPA 
binding assays were performed in a 200-pL total volume of 20 mM 
sodium citrate, pH 5.3, 1.0 mM MgCI,, and 0.25 M sucrose (NBB) 
with microsomes at a final concentration of 0.2 mg/mL. Microsomes 
were incubated with 3H-NPA concentrations ranging from 2 to 15 nM 
in the presence or absence of 10 pM cold NPA, as described by 
Muday et al. (1 993). The addition of unlabeled NPA allowed us to mea- 
sure the background or nonspecific binding. Samples were incubatedat 
4°C with shaking for 1 hr. After incubation, samples were filtered over 
0.3% polyethylenimine-treated glass fiber (GFB) filters (Whatman) and 
washed with 5 mL of NBB, as described by Dixon et al. (1996). 

To characterize NPA binding in seedlings, Arabidopsis seeds were 
germinated aseptically in a liquid medium composed of half-strength 
Murashige and Skoog salts supplemented with 2% sucrose. Seed- 
lings were harvested after 3 days of growth in the dark under mild ag- 
itation at room temperature. Total microsome fraction was prepared 
as described above. NPA binding assays were conducted using 40 pg 
of protein per sample. Samples were incubated for 2 hr at 4°C with 10 
nM 3H-NPA in a volume of 200 ~J.C of NBB (Muday et al., 1993). Non- 
specific binding was determined in the presence of 10 pM cold NPA. 
Bound 3H-NPA was separated from free 3H-NPA by filtering over GFB 
filters and presoaked in 0.1% polyethylenimine (Bruns et al., 1983). 
The filters were washed with 5 mL of cold PM buffer and counted in 4 
mL of cocktail mix (Ready Protein; Beckman Instruments). 
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