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The presence of indole-3-butyric acid (IBA) as an endogenous auxin in Arabidopsis has been recently demonstrated.
However, the in vivo role of IBA remains to be elucidated. We present the characterization of a semi-dominant mutant that
is affected in its response to IBA, but shows a wild-type response to indole-3-acetic acid (IAA), the predominant and most
studied form of auxin. We have named this mutant rib1 for resistant to IBA. Root elongation assays show that rib1 is
specifically resistant to IBA, to the synthetic auxin 2,4-dichlorophenoxyacetic acid, and to auxin transport inhibitors. rib1
does not display increased resistance to IAA, to the synthetic auxin naphthalene acetic acid, or to other classes of plant
hormones. rib1 individuals also have other root specific phenotypes including a shortened primary root, an increased
number of lateral roots, and a more variable response than wild type to a change in gravitational vector. Adult rib1 plants
are morphologically indistinguishable from wild-type plants. These phenotypes suggest that rib1 alters IBA activity in the
root, thereby affecting root development and response to environmental stimuli. We propose models in which RIB1 has a
function in either IBA transport or response. Our experiments also suggest that IBA does not use the same mechanism to
exit cells as does IAA and we propose a model for IBA transport.

Auxins are an important class of plant hormones
that have been implicated in all aspects of plant
growth and development. Numerous physiological
and genetic studies have shown auxins to be in-
volved in phenomena as diverse as tropisms, cell
enlargement and division, lateral branching of shoots
and roots, vascular differentiation, and early embry-
onic development (Davies, 1995; Hobbie, 1998). Al-
though indole-3-acetic acid (IAA) is the most studied
form of auxin, other auxins are also present in plants.
Indole-3-butyric acid (IBA) is a naturally occurring
auxin identified in several plant species including Ara-
bidopsis (Epstein and Ludwig-Müller, 1993; Ludwig-
Müller et al., 1993). In Arabidopsis and other plants
the level of free IBA is comparable with that of free
IAA, suggesting that IBA is physiologically relevant.
For example, in tobacco leaves and Arabidopsis seed-
lings, levels of free IBA represent approximately 25%
to 30% of the total free auxins (Sutter and Cohen,
1992; Ludwig-Müller et al., 1993). In elongating pea
internodes free IBA represents about one-half of the
free auxins (Nordström et al., 1991). Although IBA
represents a significant proportion of the free auxin
pool, its total amount, which includes free and con-
jugated forms, is generally much lower than that of
IAA. In Arabidopsis the amount of conjugated IAA is
approximately eight times higher than the level of
conjugated IBA. The mode of conjugation also differs

between the two auxins; in Arabidopsis the majority
of IAA conjugates are linked to amino acids, whereas
most of the IBA conjugates are linked to sugars
(Ludwig-Müller et al., 1993).

The occurrence of IBA as a natural constituent of
plants was recognized as early as 1954 (Blommaert,
1954), but its physiological role is still unknown.
Early studies that examined the effects of exogenous
auxin application found IBA to be more effective
than IAA in promoting the formation of adventitious
roots (Zimmerman and Wilcoxon, 1935). Since that
time, IBA has become the preferred auxin to induce
root formation on cuttings and in tissue culture
(Hartmann et al., 1997). This fact may reflect an in
vivo role of IBA in root formation. IBA could act
directly as a distinct auxin or indirectly through con-
version to IAA. Interconversion of IBA and IAA has
been demonstrated to occur in maize, Arabidopsis,
and several other plant species (Epstein and Ludwig-
Müller, 1993). There is no experimental evidence,
however, that shows that conversion of IBA to IAA is
necessary for IBA action. IBA treatment of peas
causes an increase in endogenous levels of IBA and
IAA, but only IBA levels increase and remain high in
the tissue that form roots (Nordström et al., 1991).
This result suggests that IBA is in fact the active
auxin in production of roots since its presence, but
not that of IAA, is correlated with root initiation.
Similar results are obtained in the woody species
Populus tremula; no evidence of IBA conversion to
IAA is found when radiolabeled IBA is applied to
cuttings to induce adventitious root formation (Py-
thoud and Buchala, 1989). In a recent report Yang
and Davies (1999) demonstrate that IBA can also
promote stem elongation in peas, and they postulate
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that IBA is a physiologically active form of auxin in
stem elongation in intact plants.

Characterization of mutants in IAA response and
of IAA-induced genes over the last 10 to 15 years has
contributed extensively to our understanding of IAA
transport, signal transduction, and the role of this
auxin in plant development. One family of auxin
inducible genes, Aux/IAA, contains at least 25 mem-
bers in Arabidopsis, and these genes encode short-
lived nuclear proteins that have been proposed to be
transcriptional regulators of downstream genes re-
sponsible for mediating auxin-regulated processes
(Abel et al., 1994; Kim et al., 1997). A number of
IAA-resistant mutants have been isolated in Arabi-
dopsis; they have confirmed the importance of IAA
in embryonic development, root formation, cell elon-
gation, gravity response, and apical dominance
(Hobbie, 1998; Hobbie et al., 2000). In a few cases the
affected genes have been cloned; these examples
have shown that auxin resistance can occur as a
result of defects in auxin signal transduction or auxin
transport (Bennett et al., 1996; Rouse et al., 1998).

IAA undergoes active polar transport from its
point of synthesis in the apex of the shoot to its points
of action. Transport occurs in a cell-to-cell fashion
that is mediated by influx and efflux carriers. Polarity
of transport is achieved through localization of the
efflux carrier to the basal side of cells (Lomax et al.,
1995). Molecular and genetic studies in Arabidopsis
have recently confirmed the existence of specific
auxin carriers that had been suggested by earlier
physiological studies. A single putative influx carrier
has been identified; it is encoded by the AUX1 gene
and is expressed in root tips (Bennett et al., 1996).
AUX1 has homology to amino acid transporters sug-
gesting that it facilitates the uptake of IAA, an amino
acid-like molecule. A component of a specific IAA
efflux carrier is encoded by the AGR1/EIR1/PIN2/
WAV6 gene and has homology to bacterial trans-
membrane transporters (Chen et al., 1998; Luschnig
et al., 1998; Müller et al., 1998; Utsuno et al., 1998).
Protein localization studies have shown that AGR1
functions in a well-defined subset of root epidermal
and cortical cells (Müller et al., 1998). Multiple ho-
mologs of AGR1 have been found in the Arabidopsis
genome, providing evidence for the existence of a
family of efflux carriers. Together, these findings sug-
gest that each member may be specific for a certain
tissue, developmental stage, or environmental re-
sponse. For example, the PIN1 gene is one member of
this family that has been implicated in auxin transport
in stems and in floral development (Okada et al., 1991;
Gälweiler et al., 1998).

In contrast with IAA, IBA has been largely ignored
in genetic and molecular studies. Limited physiolog-
ical experiments have been reported in the literature.
From these studies we know that IBA, like IAA,
undergoes polar transport (Went and White, 1938)
and that auxin transport inhibitors can inhibit this

transport (Leopold and Lam, 1961). IAA can compete
with IBA uptake, suggesting that IAA and IBA most
likely utilize the same influx carrier (Ludwig-Müller
et al., 1995a). To the best of our knowledge no study
has directly addressed the subject of IBA efflux. Con-
flicting results about the rate of transport of IBA
appear in the literature: some report that IBA and
2,4-D (2,4-dichlorophenoxyacetic acid, a synthetic
auxin) are transported more slowly than IAA,
whereas others conclude that IBA and IAA are trans-
ported at the same rate (Epstein and Ludwig-Müller,
1993; Ludwig-Müller et al., 1995a). These discrepan-
cies can be explained by referring to differences in
plant species studied, plant organs used, and exper-
imental design.

We have isolated an Arabidopsis mutant that is
specifically resistant to the auxins IBA and 2,4-D, but
not to the auxins IAA or NAA (naphthalene acetic
acid, a synthetic auxin). This paper reports the first
phenotypic characterization of a mutant that can dis-
criminate between the two endogenous auxins of
Arabidopsis, IAA, and IBA. The mutant, designated
rib1 for resistant to IBA, displays phenotypes that are
consistent with a primary defect in auxin response or
transport.

RESULTS

Isolation, Genetic Characterization, and
Mapping of rib1

Approximately 1,400 Ds-mutagenized Nossen (No-0)
ecotype lines were screened for mutants with defects
in root gravitropism. As seen in Figure 1, roots of the
rib1 mutant fail to reorient following a change in the
direction of the gravitational vector. We recovered a
single line with this phenotype during our screening.
Molecular and genetic characterization of rib1 indi-
cate that this mutation is not tagged by a Ds element
(see “Materials and Methods” for details).

We have taken advantage of the fact that rib1 mu-
tants are 2,4-D resistant (see below) for segregation
analysis. rib1 homozygotes were crossed to wild-type
No-0 plants. Figure 2 shows the 2,4-D resistance of
the F1 population (bottom) compared with the two
parental groups (top). In this assay resistance was
determined by measuring root elongation on media
containing 2,4-D. Homozygous wild-type roots are
sensitive to high concentrations of 2,4-D, and were
therefore significantly shorter than the rib1 roots that
are 2,4-D resistant. Wild-type seedlings had an aver-
age root length of 2.8 6 0.3 mm (se of the mean)
compared with an average root length of 4.9 6 1.1
mm for the homozygous rib1 seedlings. The distribu-
tion of root lengths among the F1 heterozygotes ap-
peared intermediate, with an average root length of
4.3 6 1.2 mm. We conclude from these data and from
the analysis of the F2 generation (data not shown)
that rib1 is semi-dominant.
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We mapped rib1 to a single locus at the bottom of
chromosome I using cleaved amplified polymorphic
sequences (CAPS) and simple sequence length poly-
morphism (SSLP) markers. rib1 shows significant
linkage to nga111 at position 115.5 (25 recombi-
nants/84 chromosomes), to nF22K20 at position 119.5
(21/84), and to g17311 at position 125.4 (18/82). rib1
is not linked to nF5I14 located at position 92.1 (data
not shown). These data indicate that rib1 is telomeric
to g17311, which maps near the bottom of chromo-
some I.

Root Slanting and Gravity Response

Although the rib1 mutant was originally identified
based on its altered gravitropic response, rib1 roots
are not agravitropic. When germinated and grown on
vertically oriented plates under our standard growth
conditions, rib1 roots are oriented downwards, sim-
ilar to wild type, and are not randomly oriented as in
agravitropic mutants. However, neither wild type
nor rib1 grow directly downwards; instead, they
slant to the left of vertical (or to the right when
viewed through the agar). It is interesting that rib1
mutant roots slant more than wild-type roots on
vertically oriented plates. The absolute angle values
of this slanting response varies from trial to trial, but
rib1 roots usually slant about 20° more to the right
than do wild-type roots. For example, in one trial the

average angle of rib1 root tips was 52.4°, whereas
No-0 roots on the same plates had an average root tip
angle of 35.9°. The growth of roots aslant from the
gravitational vector is characteristic of certain eco-
types of Arabidopsis, including No-0. This response
is surface dependent; i.e. it does not occur when roots
are embedded in agar or in other conditions where
the interaction of roots with the surface of the agar
plate are minimized (Rutherford and Masson, 1996;
Mullen et al., 1998). The slanting response is thought
to be due to interaction between the root and the agar
medium itself (chemotropism, hydrotropism, and
thigmotropism), and also to the effects of gravitro-
pism and the endogenous circumnutation move-
ments of Arabidopsis roots (Okada and Shimura,
1990; Simmons et al., 1995b; Mullen et al., 1998).
Reduced gravitropism can explain the root slanting
phenotype of rib1; roots with a lessened response to
gravity would be expected to grow more aslant from
the gravitational vector.

Time course experiments were conducted to char-
acterize the defect in gravitational response of rib1.

Figure 2. Resistance of rib1 homozygotes and heterozygotes to
2,4-D. Root length distribution of seedlings grown on 6 3 1028 M
2,4-D for 7 d. A population of F1 seedlings from a No-0 X rib1 cross
(bottom) is compared with No-0 and rib1 homozygous populations
(top). Statistical analyses (t test) indicate that rib1 is not recessive (P 5
4.5 3 1025).

Figure 1. Isolation of the rib1 mutant. Picture taken during the screen
for root gravitropic mutants. Seedlings were grown on vertically
oriented plates for 4 d then the plates were rotated on edge 90° and
photographed 24 h later. The rib1 root response (top) can be com-
pared with the wild-type root response (bottom). An asterisk indicates
the hatch mark showing the position of the root at the time the plate
was first rotated. The arrow to the right of the picture indicates the
direction of the gravitational vector after rotation. The picture was
taken on a stereomicroscope (Leica, Wexlar, Germany) at a magni-
fication of 6.33.
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These reorientation experiments were done in the
dark to ensure that phototropism did not affect the
results. Vertically grown seedlings were reoriented
by 90° and the curvature of the root tips was mea-
sured at different time points over a 24-h period. The
data in Figure 3A are presented as the average angle
of the root tips from vertical, with error bars repre-
senting the sd. During the course of the experiments,
wild-type roots (white bars) reorient approximately
60° from their starting average of 100° to an angle
approaching 40°. In sharp contrast, the response of
the rib1 roots (shaded bars) is much more variable
over the 24-h time period, as evidenced by the large
sd values. The high average root angles are not in-
dicative of a complete failure of rib1 roots to reorient,
but rather reflect the variability of the rib1 gravita-
tional response. This point is illustrated in the two
representative time points shown in Figure 3, B and
C, which show the position of individual roots 8 and
24 h after the plates were rotated, respectively. At 8 h,
the majority of wild-type roots are reorienting to-
ward 0°, although a few individuals have not yet
responded. In a similar manner, a majority of rib1
roots are also in the process of reorienting at this time
point, but they show a much broader distribution. At
24 h (Fig. 3C), wild-type roots are almost fully reori-
ented, whereas the rib1 response is highly variable.
Approximately one-half of the seedlings show a dis-
tribution similar to wild type, whereas the remaining
one-half are distributed from 140° to 440° from ver-
tical. These results show that rib1 roots are defective
in reorientation following a change in the gravita-
tional vector.

We observed no detectable difference in the level of
starch accumulation in rib1 and wild-type roots (data
not shown). This observation, in addition to the fact
that rib1 seedlings show other phenotypes consistent
with a primary defect in auxin response or transport
(see below), suggests that rib1 seedlings are most
likely affected in gravity response rather than
perception.

Morphological Characteristics of rib1

rib1 seedlings have other root-specific phenotypes,
as indicated in Table I. rib1 seedlings have a shorter
(approximately 20%) primary root than wild type
and an increase in the total number of lateral roots
(approximately 60%). Both of these differences are
highly significant: the P values of t tests are 4.5 3
1026 and 2.6 3 1029, respectively. Auxins are known
to inhibit root elongation and promote lateral root
formation, suggesting that rib1 seedlings could have
a heightened auxin response in the absence of exog-
enous application of IBA, or a change in the distri-
bution or concentration of this auxin.

Soil-grown adult rib1 plants are visually indistin-
guishable from wild type. No obvious differences
were observed in organ development, flowering time,

Figure 3. Root gravitropic response. Results of time course of turning
experiment. Seedlings were grown on vertically oriented plates for 4 d
then the plates were rotated on edge 90°. The angle of the root tip from
vertical was measured after the indicated times. Conventions for root
tip angle scoring are as follows: 0° indicates roots that grow directly
down toward gravity; 90° is perpendicular to the gravity vector; 180°
is directly opposite the gravity vector; and .180° represents roots that
first turned up and then continued turning to form a loop. Figure 3A
represents the average angle from vertical of wild-type (white bars) and
rib1 (shaded bars) root tips at different time points. The data for this
panel were taken from two combined time course experiments. Error
bars represent the SD. B and C show representative time points from
one time course experiment. These panels depict a distribution graph
of root tip angle at time points 8 h (B) and 24 h (C).
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or senescence (data not shown). We determined apical
dominance quantitatively by counting the number of
primary and secondary inflorescences, and measur-
ing plant height. No differences are seen in these
traits between rib1 and wild-type plants (Table I).

Hormone Response

Because many gravitropic response mutants are
also auxin resistant, we tested the resistance of rib1 to
different auxins using root elongation assays. These
assays are based on the fact that exogenous auxin
application inhibits wild-type root elongation as a
result of a supra-optimal concentration of this hor-
mone. The results of the assays are presented in
Figure 4. rib1 is consistently more resistant than wild
type to all concentrations of IBA tested. t tests show
that these differences are significant in all trials at
concentrations that reduce rib1 root elongation by
15% to 90%. The IBA concentration that inhibits root
elongation by 50% (IC50) is about 2.5-fold higher in
rib1 compared with wild type. In contrast to its re-
sponse to IBA rib1 exhibits a wild-type response to
IAA. The trial depicted in Figure 3 indicates very
slight differences between wild type and rib1 re-
sponse for a few concentrations of IAA. Multiple
trials have been done and these small differences are
not reproducible. We, therefore, conclude that rib1
does not display an altered response to IAA. Thus,
rib1 is able to discriminate between the two endoge-
nous auxins of Arabidopsis, IAA and IBA. rib1 is also
more resistant to the synthetic auxin 2,4-D. In the case
of 2,4-D the difference in response between rib1 and
wild type is significant at concentrations 5 3 1028 to
1026 M. rib1 has a wild-type response to NAA (data
not shown), another synthetic auxin. This specificity of
resistance makes rib1 unique in comparison with other
well-characterized auxin-resistant mutants. aux1 and
all the axr mutants exhibit resistance to both IAA and
2,4-D (Maher and Martindale, 1980; Estelle and Som-
erville, 1987; Wilson et al., 1990; Hobbie and Estelle,
1995; Leyser et al., 1996; Hobbie et al., 2000). We
examined the IBA dose response of the auxin resistant
mutants aux1-7, axr1-3, axr2-1, and axr4-2 and found
that they are all IBA resistant (data not shown). There-
fore, all these mutants are resistant to both endoge-
nous auxins of Arabidopsis.

The response of rib1 to growth inhibiting concen-
trations of other classes of plant hormones was also
tested utilizing root elongation assays. rib1 is not
more resistant than wild type to the cytokinins, ki-
netin and benzyladenine (data not shown), to
1-aminocyclopropane-1-carboxylic acid (ACC), the
precursor to ethylene, or to ABA (Fig. 4). The rib1
mutants show an increase in sensitivity to ABA. This
difference was significant in all trials at concentra-
tions that inhibit rib1 root elongation 10% or more.
The results presented in Figure 4 show that rib1 is not
resistant to any other class of plant hormones.

Resistance to Auxin Transport Inhibitors

The resistance of rib1 mutants to different auxin
transport inhibitors was tested. These compounds all
act to block auxin efflux from the cell (Lomax et al.,
1995). Figure 5 shows the results of root elongation
assays in the presence of three different auxin trans-
port inhibitors: naphthylphthalamic acid (NPA, a
phytotropin), 2,3,5-triiodobenzoic acid (TIBA), and
9-hydroxyfluorene-9-carboxylic acid (HFCA, a mor-
phactin). rib1 seedlings are resistant to all three com-
pounds. t tests show that this difference is highly
significant. These results are consistent with the fact
that auxin transport is thought to be important for
lateral root initiation, root elongation, and root grav-
itropism (Muday and Haworth, 1994; Lomax et al.,
1995).

Root Bending Assay

The auxin resistance profile of rib1 mutants shows
a striking similarity to findings by Delbarre et al.
(1996). These researchers examined the specificity of
efflux carriers for different auxins in tobacco suspen-
sion cells and suggested that 2,4-D does not utilize
the same efflux carrier as do IAA and NAA. Another
physiological assay in Arabidopsis roots was recently
developed that shows the same auxin specificity (Ut-
suno et al., 1998). The findings in both studies sup-
port the notion that IAA and NAA exit the cell via a
specific efflux carrier. Neither group included IBA in
their study. We exploited the physiological assay to
investigate the role of rib1 in auxin transport in roots.

Table I. Morphology of wild-type and mutant plants

Characteristica Wild Typeb rib1b No. of Seedlingsc t test P Valued

Root length (mm) 22.3 6 0.6 18.7 6 0.4 62–67 4.5 3 1026 d

No. lateral roots 21.0 6 1.1 34.1 6 1.7 74–76 2.6 3 1029 d

Plant height (cm) 23.3 6 0.7 22.2 6 0.7 18–19 0.31
No. lateral branches 3.8 6 0.2 3.5 6 0.2 18–19 0.22

a Root lengths were measured on 7-d-old seedlings, the number of lateral roots was counted
on 14-d-old seedlings, and plant height and the number of lateral branches were determined on
adult plants. b Values are averages (6SE). c Number of seedlings represented by the aver-
age. d Marks a highly significant difference.
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Figure 4. Hormone response of rib1 and wild-type seedlings. Dose-response curves of wild-type (white symbols) and rib1
(black symbols) seedling root elongation on IBA, IAA, 2,4-D, kinetin, ACC, and ABA. Seedlings were grown for 5 d on GM
media and then transferred to media containing the indicated amount of hormones or to control media without hormone.
New root growth was measured 3 d later. Root elongation is expressed as a percentage of root growth on no hormone for
each genotype. Each data point represents the average of 13 to 37 seedlings, and the error bars represent the SE of the mean.
Errors smaller than the data point symbols are not indicated.
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The physiological assay as described by Utsuno et
al. (1998) uses a clearly visible phenotype (root bend-
ing) to study the ability of root cells to efflux auxins.
This assay can distinguish wild-type seedlings from
agr1 mutant by their different responses to exoge-
nous application of auxin on one side of the root.
AGR1 is expressed in a specific subset of cortical and
epidermal cells in the meristematic and elongation
zone and is thought to be an efflux carrier important
for auxin redistribution in the root. In agr1, auxin
enters root cells normally, but then accumulates to
high levels because of the inability to exit in the
absence of a functional efflux carrier. Because the
application of auxin in this assay is unilateral, auxin
accumulates to inhibitory concentrations on only one
side of the root. This results in the root bending
phenotype. IAA and NAA elicit the bending re-
sponse in agr1, whereas 2,4-D does not. This implies
that 2,4-D efflux is not dependent on the AGR1-
encoded carrier.

We have performed the bending assay using the
agr1 allele, eir1-1, and have obtained the same results
reported by Utsuno et al. (1998) for the auxins IAA,
NAA, and 2,4-D (Table II). The majority of eir1 seed-
lings bend their roots into the medium when trans-
ferred to plates containing IAA or NAA; 2,4-D or
media lacking hormone does not elicit a bending
response. Neither wild type nor aux1 individuals
consistently undergo root bending in response to any
of the tested auxins. rib1 seedlings respond like wild
type in this assay on all tested auxins (Table II). A
wild-type response on NAA and IAA suggests that
rib1 is not affected in the same efflux pathway as is

eir1. Likewise, a wild-type response on IBA and 2,4-D
suggests that rib1 is not altering IBA or 2,4-D efflux in
the root epidermal and cortical cells in which AGR1
mediates IAA redistribution. However, this does not
preclude a role of RIB1 for IBA transport in other root
cell types.

It is interesting that IBA fails to elicit root bending
in eir1 seedlings; this suggests that IBA, like 2,4-D,
does not use the EIR1-encoded efflux carrier. Results
of the root-bending assay mirror the rib1 resistance
pattern: rib1 is resistant to IBA and 2,4-D, but not to
IAA or NAA, and eir1 roots bend in response to IAA
and NAA, but not to IBA or 2,4-D. These results
support the idea that 2,4-D and IBA could behave
similarly in terms of transport, in a manner that is
distinct from the transport of IAA and NAA. Perhaps
another member of the EIR1 family functions as an
efflux carrier specific for IBA and 2,4-D transport.

DISCUSSION

We have isolated and characterized a novel Arabi-
dopsis mutant that exhibits resistance to the natural
auxin IBA and to the synthetic auxin 2,4-D, but not to
IAA or NAA. This specificity of auxin response is
unique among published auxin resistant mutants; it
demonstrates that rib1 can discriminate between the
two known endogenous auxins of Arabidopsis. Al-
though still considered to be a synthetic auxin by
many, IBA was first identified in potato in the 1950s
(Blommaert, 1954). In the last decade investigators
have shown that IBA is also present in Arabidopsis
and many other species at physiologically relevant
concentrations. Despite this, most studies of auxins
have focused on IAA as the only natural auxin in
plants. The isolation and characterization of the rib1
mutant provides a genetic tool that can be used to
dissect the in vivo role of IBA in plants.

Conversion of IBA to IAA has been shown to occur
in many different species (Epstein and Ludwig-
Müller, 1993). A mutant defective in this process
would be resistant to IBA if IBA response is mediated
through the conversion of IBA to IAA. Although this
could be the case for the rib1 mutant, this model
cannot account for the 2,4-D resistance displayed by
rib1. 2,4-D is an active auxin that does not require
modification for activity. In addition, rib1 seedlings
have alterations in root growth, which are observed

Table II. Root-bending assay results
Data expressed as no. of turned roots/total no. of roots.

Genotype No Auxin IAA NAA 2,4-D IBA

eir1-1a 0/21 16/22 21/22 0/21 0/25
WT (Col-O) 0/24 6/20 0/22 0/24 0/28
aux1-7a 0/20 1/19 0/20 0/16 0/21
WT (No-O) 0/18 6/21 0/20 0/17 0/24
rib1 0/22 4/23 0/23 0/23 0/26

a eir1-1 and aux1-7 are in the Columbia (Col-0) background.

Figure 5. Response to auxin transport inhibitors. Seedlings were
grown for 3 d on GM and then transferred to media containing the
indicated amount of inhibitors or to control media without inhibitor.
New root growth was measured 5 d later. Elongation of roots on 1025

M NPA, TIBA, or HFCA is expressed as a percentage of root growth
on media containing no inhibitor for both wild type (white bars) and
rib1 (shaded bars). Each data point represents the average of 12 to 29
seedlings and the error bars represent the SE of the mean.
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in the absence of IBA treatment. These phenotypes
suggest an elevated auxin response and are inconsis-
tent with the reduced production of IAA from IBA
predicted by a defect in conversion. rib1 does not
appear to be defective in b-oxidation, which is the
probable mechanism by which IBA is converted to
IAA (Normanly et al., 1995). b-oxidation is an enzy-
matic process that results in shortening of carbon
chains by two carbons at a time. Because b-oxidation
is also required to mobilize fatty acid reserves during
seed germination, mutants defective in b-oxidation
grow much more poorly on media lacking Suc (Ha-
yashi et al., 1998; Richmond and Bleecker, 1999). rib1
has no requirement for Suc to promote germination
and growth of seedlings in the light or in the dark
(data not shown). We conclude from these data that
the rib1 defect does not lie in conversion of IBA to
IAA. Rather, it is likely that the rib1 mutant pheno-
types reflect a change in the ability of seedlings to
respond specifically to IBA.

In addition to being resistant to IBA, rib1 also
shows resistance to all auxin transport inhibitors
tested by root elongation assays: NPA, TIBA, and
HFCA. These compounds act principally by blocking
carrier-mediated auxin efflux from cells. This inhibi-
tion of efflux results in auxin levels that are supra-
optimal for root elongation (Muday and Haworth,
1994). For this reason many auxin response mutants
are also resistant to auxin transport inhibitors (Sim-
mons et al., 1995a; Fujita and Syono, 1996; Ruegger et
al., 1997). In a similar manner, rib1 resistance to auxin
transport inhibitors is likely to be a secondary con-
sequence of IBA resistance. Early experiments by
Leopold and Lam (1961) report that IBA transport in
stem segments of sunflower was inhibited by TIBA.
Our results support the idea that other IAA transport
inhibitors also inhibit IBA transport, resulting in IBA
accumulation in cells.

Hormone resistance of rib1 is limited to specific
auxins. The response of rib1 to cytokinins and ethyl-
ene is similar to the wild-type response. However,
rib1 displays a slight increase in sensitivity to ABA
compared with wild type. Interaction between dif-
ferent classes of plant hormones is a theme often
encountered in plant physiology (Davies, 1995).
Ludwig-Müller et al. (1995b) report that either ABA
or water stress induces IBA synthetase activity and
accumulation of free IBA in maize. The authors pro-
pose that the increased IBA levels could mediate the
changes in root growth that allow plants to adapt to
water stress conditions. It is, therefore, likely that
crosstalk between IBA and ABA signaling accounts
for the higher ABA sensitivity of rib1.

In addition to its altered response to specific hor-
mones and to auxin transport inhibitors, rib1 also
shows other phenotypes in roots; it has a shorter
primary root, more lateral roots, and a highly vari-
able response to a change in the direction of the
gravitational vector. The aerial portion of adult rib1

plants is indistinguishable from wild type. The phe-
notypic differences between rib1 and wild type are
most consistent with a primary defect in auxin re-
sponse or transport in the root.

The rib1 mutation could affect some component of
IBA perception or signal transduction in the roots.
rib1 mutant phenotypes are consistent with a height-
ened response to endogenous IBA levels. An increase
in lateral root number and a decrease in primary root
length can be phenocopied by IBA application to
wild-type seedlings (data not shown; Fig. 4). This
model can also explain the IBA resistance phenotype
of rib1; rib1 roots are shorter than wild type because
of an increased response to endogenous IBA, and a
higher level of applied IBA is therefore required for
further inhibition. Similar hypotheses have been pro-
posed to explain auxin resistance caused by semi-
dominant mutations in AXR3/IAA17 and SHY2/IAA3,
two members of the Aux/IAA family of auxin induc-
ible genes (Leyser et al., 1996; Rouse et al., 1998; Tian
and Reed, 1999). Both mutants have a shorter pri-
mary root in the absence of auxin and are resistant to
further root elongation inhibition by auxin. By anal-
ogy to the shy2 and axr3 mutants, rib1 could be a
gain-of-function mutation in an IBA-inducible gene.
We predict that such a gene would be induced by
IBA, but not by IAA, treatment. To date, no studies
have been done to identify genes specifically induced
by IBA. Another possibility is that rib1 could affect
IBA perception or another step in IBA signal trans-
duction. This putative IBA signaling pathway would
contribute to the regulation of lateral root formation,
root elongation, and root gravitropism, phenotypes
that are affected in the rib1 mutant.

Another explanation for the rib1 root phenotypes is
that this mutation causes an increase in endogenous
IBA levels. Although a formal possibility, the pheno-
types of rib1 are not fully consistent with this model.
The dominant Trp biosynthetic mutant amt-1/trp5-1
accumulates more Trp (Kreps and Town, 1992), and
has elevated levels of free IBA (3.5-fold), conjugated
IBA (2.5-fold), and conjugated IAA (3.3-fold;
Ludwig-Müller et al., 1993). Like rib1, the adult
growth pattern of this mutant is reported to be the
same as wild type (Kreps and Town, 1992). However,
trp5-1 does not show increased resistance to IBA
(data not shown). The root gravitropic defect is also
not consistent with an elevated level of auxin; the
sur1 mutant has elevated levels of IAA, but displays
no defect in root gravitropism (Boerjan et al., 1995).
On the other hand a defect in the control of IBA levels
in specific cells or tissues, as opposed to an overall
increase in auxin levels as in trp5 and sur1, could
result in the rib1 phenotypes, including altered root
gravitropism. Changes in IBA biosynthesis, degrada-
tion, conjugation, or subcellular compartmentaliza-
tion could result in localized elevations of IBA levels.
Changes in IBA transport could also have the same
result.
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There is growing evidence that mutations affecting
IAA transport have differential responses to various
auxins. For example, the eir1 efflux mutant behaves
differently in root bending assays in response to the
auxins IAA and NAA compared with 2,4-D. Like-
wise, the IAA influx mutant, aux1, also displays spec-
ificity in response to auxins; it is resistant to IAA and
2,4-D, but not to NAA (Yamamoto and Yamamoto,
1998; Marchant et al., 1999). Another example is the
pis1 mutant, a putative regulator of auxin transport,
which is specifically hypersensitive to 2,4-D, but not
to IAA or NAA (Fujita and Syono, 1997). rib1, like
eir1, aux1, and pis1, has a specific auxin response
profile. It is therefore tempting to speculate that rib1
affects polar auxin transport. In addition, polar auxin
transport has been shown to be important for lateral
root formation, root gravitropic response, and root
elongation, which are processes affected in rib1 (Lo-
max et al., 1995).

At this time, we cannot define at what step in IBA
transport RIB1 might function. A semi-dominant
phenotype is consistent with defects in a regulatory
or a structural component of the transport machin-
ery. We are investigating this model further by con-
structing double mutant lines between rib1 and the
known auxin carrier mutants aux1 and eir1, and by
direct assessment of auxin transport in rib1.

The recent discovery of multiple homologs of
genes encoding auxin efflux and influx carriers sug-
gests that many such carriers exist in plants, each
potentially having its own specificity in terms of
expression pattern and function (Bennett et al., 1996;
Gälweiler et al., 1998). Our root bending assays show
that the EIR1 carrier appears specific for IAA and
NAA transport and is not required for IBA and 2,4-D
transport. This is also consistent with the results of
Delbarre et al. (1996), which show that 2,4-D does not
use the IAA/NAA-specific efflux carrier expressed in
tobacco cell cultures. We suggest that efflux carriers
also exist for IBA transport. The differential expres-
sion of this hypothetical IBA carrier, in conjunction
with that of the IAA carriers, would provide exquis-
ite control over the levels of both endogenous auxins
throughout the plant.

This hypothesis might appear to contradict another
conclusion of Delbarre et al. (1996), who suggested
that 2,4-D efflux would be mostly carrier indepen-
dent. However, carrier independent efflux is incon-
sistent with the fact that 2,4-D undergoes polar trans-
port, since it is the basal localization of the efflux
carrier that determines the polarity of transport. To
explain the results of Delbarre et al., we suggest that
the hypothetical IBA/2,4-D efflux carrier is not
present in tobacco cell cultures such as those used in
their study. However, the carrier would be expressed
in specific, differentiated tissues such as the root.

We have isolated other IBA resistant mutants that
are currently being characterized (J. Poupart and C.S.
Waddell, unpublished data). Other researchers have

also recently isolated IBA-resistant mutants (Zolman
et al., 2000). Among these, two mutants were recov-
ered that like rib1, are resistant to IBA and 2,4-D, but
not to IAA. These mutants map to separate loci from
rib1. Therefore, the specificity of auxin resistance
demonstrated by these mutants may represent a new
class of auxin-resistant mutants. The small number of
these mutants recovered to date, together with the
fact that no allelic mutations have been recovered,
indicate that the genome has not yet been saturated
for this class of mutants. Characterization of new
IBA-specific mutants will allow us to further under-
stand the activity of this endogenous auxin in plant
development. The phenotypes displayed by rib1 im-
ply an in vivo role of IBA in roots and seedlings.
Phenotypic analysis of new alleles of rib1, as well as
cloning and sequencing of the gene, should provide
insights into the function of the RIB1 protein in the
plant.

MATERIALS AND METHODS

rib1 is in the No-0 ecotype of Arabidopsis. All pheno-
typic characterization of the mutant was done with rib1
homozygotes derived from the selfed progeny of the orig-
inal rib1 isolate. Other mutants used in this paper were
obtained from the Arabidopsis Biological Resource Center
at Ohio State University.

Plant Growth Conditions

Seeds were surface sterilized in a solution of 1.5% (w/v)
sodium hypochlorite and 0.02% (w/v) SDS for 5 min, and
rinsed four or five times with sterile water. Seeds were
stratified 4 to 7 d in the dark at 4°C before being germi-
nated on Petri dishes containing germination medium
(GM) containing 0.7% (w/v) Difco agar. GM consists of 13
Murashige and Skoog basal salts, 1% (w/v) Suc, 0.5g/L
MES [2-(N-morpholino)ethanesulfonic acid], 1 mg/L thia-
mine, 0.5 mg/L pyridoxin, 0.5 mg/L nicotinic acid, and 100
mg/L myo-inositol, with pH adjusted to 5.7 with 1 n KOH
(Valvekens et al., 1988). Plated seeds were placed in a
growth chamber under the following conditions, unless
otherwise stated: 24°C, with a 16-h light cycle at a light
intensity of 80 to 90 mmol m22 s21.

For determination of adult phenotypes, crosses, and seed
production, 7- to 10-d-old seedlings were transferred from
GM plates to pots containing a 1:1:1 mixture of perlite:
vermiculite: Sunshine Mix # 1 (Sun Gro Horticulture Inc.,
Bellevue, WA). Plants were grown at 24°C under continu-
ous white fluorescent light, and were fertilized twice dur-
ing their growth period with 0.253 Hoagland solution.
Light intensity was approximately 90 mmol m22 s21.

Isolation of the rib1 Mutant

The Ac/Ds transposon-tagging system described in
Honma et al. (1993) was used to generate a population of
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1,419 lines containing independent Ds excision events (C.S.
Waddell, unpublished data). The selfed progeny of these
lines was germinated and grown on vertically oriented GM
plates containing 1.2% (w/v) Noble agar (Sigma, St. Louis).
After 4 d, the plates were rotated 90° on edge. Twenty-four
hours later, the plates were scored visually for defects in
downward reorientation of the roots. rib1 was isolated
because its root failed to reorient downward (see Fig. 1).
Selection on chlorsulfuron demonstrated the absence of the
csr1-1 transgene, the selectable marker present in the Ds
element. Southern analysis with Ds-specific probes con-
firmed that rib1 mutants do not contain a reintegrated Ds
element (data not shown).

Genetic Characterization and Mapping of rib1

rib1 homozygotes were crossed to wild-type No-0 plants
to determine the genetic basis of the rib1 mutation. The
resulting F1 populations were plated on vertically oriented
GM plates containing 0.8% (w/v) Difco agar and 6 3 1028

M 2,4-D, and scored for resistance by measuring root elon-
gation after 7 d of growth. Wild-type and homozygous
mutant seedlings were always included on the same plate
with the F1 population being analyzed. Reciprocal crosses
were done with rib1 as the female (three crosses) or the
male (six crosses) parent, and all crosses gave the same
results; data is presented from the F1 population of a single
cross in which rib1 was the male parent.

F2 mapping populations were generated by crossing rib1
homozygotes to Columbia wild-type plants. Linkage was
examined in 2,4-D-resistant and 2,4-D-sensitive individu-
als. The genotypes of F2 individuals were verified by gen-
erating a selfed F3 population for each individual and
scoring the 2,4-D resistance of the F3 population. DNA was
isolated from pools of 50 F3 seedlings using the protocol of
Dellaporta et al. (1983). This DNA was used for PCR reac-
tions to determine linkage of rib1 to CAPS and SSLP markers
covering the Arabidopsis genome. Primers were obtained
from Biocorp Inc. (Montreal) or from Research Genetics
(Huntsville, AL). Standard SSLP and CAPS PCR condi-
tions were used (Konieczny and Ausubel, 1993; Bell
and Ecker, 1994). Map positions of the markers were taken
from the Lister and Dean RI map (http://nasc.nott.ac.uk/
new_ri_map.html).

Gravity and Slanting Response

Seeds were exposed to white light for 1 to 2 h to induce
germination and were grown for 4 d in the dark on verti-
cally oriented plates on GM containing 1.2% (w/v) Noble
agar (Sigma). One plate was scored to determine the root
angle at time 0 h. The other plates were rotated on edge 90°
clockwise (when seedlings are viewed through the lid).
Individual plates were removed after 2, 4, 6, 8, 10, 12, or
24 h, digitally scanned, and the angle of each root tip from
vertical was measured using the public domain NIH Image
program (developed at the U.S. National Institutes of
Health and available on the internet at http://rsb.info.
nih.gov/nih-image/). No-0 and rib1 seedlings were plated

together to ensure that they were exposed to the same
gravity conditions. Similar results were obtained in two
separate trials in the dark (data presented), and in three
separate trials in the light (data not shown).

Root slanting was measured as the angle from vertical of
roots grown for 4 d on vertically oriented GM plates con-
taining 1.2% (w/v) Noble agar under standard growth
chamber conditions. Slanting was scored by viewing the
seedlings through the lids of the plates.

Starch Determination

Starch accumulation in root tips was examined using the
protocol described by Bullen et al. (1990). Iodine and po-
tassium iodide were obtained from Fisher (Nepean, ON).
The starch mutants pgm-1 and adg1-1 were used as negative
controls. Wild-type and rib1 seedlings had clearly visible
starch granules in their root tips, whereas none were de-
tectable in pgm-1 and adg1-1 root tips.

Hormone and Inhibitor Response

All hormones and inhibitors were purchased from Sigma
with the exception of NPA, which was purchased from
Chem Service (West Chester, PA). MilliQ water, 1 n NaOH,
absolute ethanol, or dimethylsulfoxide were used to make
the appropriate stocks of these compounds. ABA, IAA,
IBA, and NAA were dissolved in 1 n NaOH and diluted in
water to a final stock concentration of 1 to 2 mg/mL. A
1-mg/mL stock of ACC was made in water. All stocks
diluted in water were filter-sterilized. 2,4-D, HFCA, and
TIBA stocks were made in ethanol at concentrations of 2,
10, and 0.5 mg/mL, respectively. A 20-mg/mL NPA stock
was made in dimethylsulfoxide. Solvent-only controls
were included for the NPA, HFCA, and TIBA assays. Un-
der our conditions we found that the addition of ethanol up
to a concentration of 0.25% did not affect root elongation.
Appropriate amounts of the sterile stocks were added to
media after autoclaving to obtain the different concentra-
tions required.

Root elongation assays for hormone response were per-
formed as described in Wilson et al. (1990) and for auxin
transport inhibitor response as described in Ruegger et al.
(1997). In both cases GM containing 0.8% (w/v) Difco agar
was used instead of solidified nutrient solution. IAA and
IBA response assays were done under yellow long-pass
filters (Acrylic yellow-2208, 3.18 mm thick, Commercial
Plastics, Montreal) to prevent photodegradation of the aux-
ins (Stasinopoulos and Hangarter, 1990). Wild-type and
rib1 seedlings were transferred to each of the two halves of
the same plate to ensure that they were being exposed to
exactly the same conditions. Data are expressed as the
percentage of root growth on no hormone or on solvent-
only control plates. Similar results were obtained in two to
five separate trials. Data from a single representative trial
are presented for hormone resistance. A single data point
from a representative trial is presented for auxin transport
inhibitor resistance.
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Root-Bending Assays

Root-bending assays were performed as described in
Utsuno et al. (1998) except that GM with 1.5% (w/v) Noble
agar was used instead of solidified nutrient solution. In
brief, mutant and wild-type seedlings were germinated on
vertically oriented media containing no hormone for 3 d.
Mutant and wild-type seedlings were then transferred to
vertical plates containing different auxins: 3.3 3 1028 M
IAA, 1 3 1028 M 2,4-D, 4 3 1026 M IBA, and 6.6 3 1027 M
NAA or to control plates containing no hormone. All plates
were then placed under yellow long-pass filters and the
root response was scored 2 d later. Concentrations of IAA,
2,4-D, and NAA are those reported by Utsuno et al. (1998).
We tested three different concentrations of IBA (1 3 1026

M, 2 3 1026 M, and 4 3 1026 M) that were physiologically
similar to the concentrations of IAA used; i.e. these con-
centrations inhibited roots to about the same level in root
elongation assays. All three concentrations gave similar
results, and we therefore chose to use only the highest
concentration for repeat experiments. Mutants and their
wild-type parental lines were placed on the same plates to
ensure that they were exposed to exactly the same concen-
tration of hormone and conditions. The responses of roots
to the auxins are either continued growth along the surface
of the plate or a sharp 90° turn into the media. This bending
phenotype is easily scorable, and the sharp angle of the
turn makes it distinct from a normal growth pattern in
which a root might penetrate the test medium.

Root Length Determination

Root length was determined on 7-d-old seedlings grown
under our standard conditions. Roots were measured by
tracing magnified seedlings using an overhead projector. A
transparent ruler placed beside the roots was also traced
for use as a scale bar. The tracings were then digitally
scanned and measured using the NIH Image program.
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