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The axrl Mutation of Arabidopsis is Expressed in Booth Roots and Shoots

CYNTHIA LINCOLN and MARK ESTELLE

Department of Biology, Indiana University, Bloomington, IN 47405

In order to identify genes involved in auxin action we have isolated a number of mutants of Arabidopsis thaliana which are resistant to
exogenous application of either indole-3-acetic acid or 2,4-dichlorophenoxyacetic acid. One of the genes identified in this way is the
Axrl gene. Recessive mutations in this gene confer resistance to auxin as well as a number of morphological defects. In this report we
describe the isolation of at least two new axr! alleles. In addition, we show that the axrI mutation affects gravitropic growth of the root,
auxin-induced ethylene biosynthesis and growth in tissue culture. Qur results indicate that the axr] mutation is expressed in most

tissues of the plant.

INDEX DESCRIPTORS: Arabidopsis thaliana, plant mutants, auxin, phytohormone, plant development.

The plant growth regulator indole-3-acetic acid (IAA) appears to
play a central role in the growth and development of higher plants.
Physiological studies indicate that IAA is involved in cell expansion
during shoot elongation (Jacobs and Ray, 1976), tropic responses
(Shen-Miller et al., 1973; McClure and Guilfoyle, 1989) and differ-
entiation of vascular elements (Aloni, 1987). More recently, auxin
auxotrophic tissue culture variants of Nicotiana plumbaginifolia have
been used to study the role of auxin in plant development (Blonstein
et al., 1988). These auxotrophic lines were recovered after
mutagenesis of cell cultures which do not require auxin for growth.
The mutant lines will not grow without auxin in the medium and
attempts to regenerate plants from these auxotrophic lines have been
unsuccessful. Although these experiments are not conclusive, they
suggest that auxin is essential for cell growth and plant viability.

The mechanism of auxin action is currently an active area of
research. A number of early biochemical responses to auxin have been
described. In pea epicotyls and soybean hypocotyls exposure to auxin
results in rapid changes in the expression of specific genes (Theologis,
1986; McClure and Guilfoyle, 1987). The function of these auxin-
regulated genes is unknown. In tobacco protoplasts, auxin causes a
membrane hyperpolarization within seconds of exposure. Experi-
ments with an auxin-resistant mutant of tobacco suggest that this
membrane hyperpolarization is physiologically significant. The dose-
response curve for membrane hyperpolarization in mutant protoplasts
is shifted toward higher auxin concentrations (Ephritikhine et al.,
1987).

It is generally assumed that auxin acts by binding to a protein
receptor. Several proteins which bind auxin #n vitro have been
identified in both maize and tobacco. The most completely charac-
terized auxin binding protein (ABP) is a membrane associated protein
in maize which was originally called binding site I (Rubery, 1981).
This ABP has been localized by cell fractionation techniques to the
endoplasmic reticulum (Rubery, 1981; Shimomura et al. 1986) and a
gene which codes for this protein has recently been isolated (Hess et
al., 1989; Inohara et al., 1989). Sequence analysis of this gene
indicates that the COOH-terminus of the protein contains the amino
acid sequence KDEL. This sequence has been shown to be responsible
for retention of proteins in the endoplasmic reticulum (Munroe and
Pelham, 1987). Curiously, antisera raised against this protein will
inhibit auxin-induced membrane hyperpolarization in tobacco proto-
plasts indicating that the ABP also lies exposed on the surface of the
plasma membrane (Barbier-Brygoo et al., 1989). It now appears
likely that auxin interacts with a family of receptors with different
cellular locations, possibly involved in regulating different cellular
processes. Such a family of receptors might explain how auxin
regulates such a diverse array of growth processes.

In our lab we are interested in identifying the genes and proteins
required for auxin action in the small crucifer Arebidopsis thaliana.
Our approach has been to screen for mutants of Arabidopsis which are

resistant to exogenous application of auxin. In a previous report we
described the isolation and preliminary characterization of a recessive
mutation, called @xrI, which confers resistance to auxin as well as an
unusual morphological phenotype. Several aspects of this phenotype
suggest that the @xr] mutation affects auxin-regulated growth pro-
cesses (Estelle and Somerville, 1987). In this report we update our
genetic studies and describe the results of several experiments which
support the hypothesis that the wild-type AXRI gene is required for
auxin action.

MATERIALS AND METHODS

Plant Material

Arabidapsis plants were grown at 23°C on a commercially available
peat-lite mixture such as Metro-Mix™ , with continuous illumination
supplied at an intensity of 85-105 mE/m?/s. Every two weeks plants
were given nutrient solution containing 5 WM KNO;, 2.5 pM
KH,POy (adjusted to pH 5.5), 2 uM MgSOy, 2 pM Ca(NQs),, 50
M Fe-EDTA (Sigma EDFS), 70 uM H,BO3, 14 pM MaCl,, 0.5
M CuSOy, 1 uM ZnSOy, 0.2 pM NaMoQy, 10 uM NaCl, 0.01
M CoCl,. For certain experiments, plants were grown under sterile
conditions on petri plates. Seeds were surface sterilized for 20 minutes
in 30% v/v bleach and 0.02% Triton-X and then placed on petri
plates containing the nutrient solution mentioned above, supple-
mented with 8 g/l agar and 10 g/l sucrose (minimal medium).
Hormones were added to the media after autoclaving. Sterile plants
were grown at 22°C to 24°C with a 16 h light cycle at a light
intensity of 20 to 60 wE/m?/s. All of the plant lines used in these
experiments were of the Columbia ecotype.

Mutagenesis

For chemical mutagensis, approximately 25,000 seeds were
soaked for 16 h in 100 ml 0.3% (v/v) ethyl methane sulfonate, then
washed in water over a period of 4 h. This M1 seed was sown at a
density of approximately 1/cm?. At maturity the resulting plants
were bulk harvested to produce M2 seed. To mutagenize with gamma
irradiation, 20,000 seeds were incubated in water for three hours. A
dose of 50 Krad was administered to the imbibed seed in a J.L.
Shephard irradiator containing '3’Cs. The seeds were sown and the
M2 population harvested as described above.

Determination of root gravitropic response

Sterile seeds were sown on petri plates containing minimal
medium. The plates were placed in the incubator on edge so that the
seedlings would grow along the surface of the medium. Growth
conditions were as described above. After six days, the roots of the
seedlings were straightened and the plates were rotated 90°. At
hourly intervals, plates containing wild-type and mutant seedlings
were removed from the incubator and the angle of root curvature was
determined for each genotype. At least seven seedlings were used for
each determination.
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Table 1. Recovery of axr/ mutants

M2 population Mutants recovered

Al EMS

Mutagen Selection
2,4-D

axrl-1
axrl-3
axrl-4
axrl-5
axrl-6

B! EMS 2,4-D axrl-9
axrl-11
axrl-12

axrl-15

C? EMS 2,4-D axrl-16
axrl-17
axrl-18
axrl-19
axrl-20

axrl-21

C? EMS IAA axrl-22

D? gamma 2,4-D axrl-23

IEstelle and Somerville, 1987.
2This study.

Auxin-induced ethylene production

One c¢m stem segments were excised from mutant and wild-type
plants and placed in a2 1 ml microvial containing 50 wl of 50 mM
MES (pH 5.8) supplemented with various concentrations of 2,4-D.
The vials were sealed with a screwcap fitted with a teflon septum and
placed on a shaker under room light at 22°C. After 24 hours the
ethylene levels within the vial were measured by gas chromatography
(Kende and Hanson, 1976) and the stem segment was weighed.

Determination of growth rate during callus initiation

Inflorescence segments, 5 to 7 cm long were excised from the
primary inflorescence of 3 to 4 week old plants and sterilized by
treating with a 40% v/v bleach solution containing 0.02% Triton X-
100 for 4 minutes. The sterile segments were rinsed in water and cut
into 0.6 to 1.4 cm long segments. Each segment was weighed and
then placed on agar medium containing Murashige and Skoog salts
and vitamins plus 0.23 M kinetin and various concentrations of
2,4-D. Tissue segments were incubated at 20°C with continuous
lighting at 20 to 60 WE/m?%/s. After three weeks each segment was
weighed. Growth is expressed as (W-W _)/W_ where W, and W are
the initial and final fresh weights respectively.

Table 2. Genetic segregation of 2,4-D resistance in axr/ lines

Cross Number of plants
Resistant Sensitive x>
axrl-19 X wild-type F1 —_ 23
2 186 493 2.07°
axrl-21 X wild-type F1 — 51
F2 82 281 1.12°

*X“calculated based on an expected ratio of 3 sensitive to
1 resistant

bp>0.05

RESULTS

Isolation of axr! mutants

In a previous report (Estelle and Somerville, 1987), we described
the isolation and preliminary characterization of nine auxin-resistant
mutants of Arabidopsis thaliana. These mutant lines all carried
recessive mutations in a single gene that we have called the zxrI gene.
In addition to auxin-resistance, the #xr! mutations produce a distinc-
tive morphological phenotype, including defects in leaf, inflorescence
and flower morphology (Estelle and Somerville, Lincoln and Estelle,
unpublished). We have now screened a further 170,000 M2 Arabi-
dopsis seeds from two independently mutagenized populations for
resistance to either 50 uM IAA or 5 uM 2,4-dicholorophenoxy acetic
acid (2,4-D). Wild-type seedlings grown at these concentrations of
hormone fail to develop roots. Mutants were identified by looking for
seedlings which had roots. Eight new auxin-resistant lines with a
morphological phenotype similar to the original @x»] mutant were
recovered. The rosette leaves of these plants have a crinkled appear-
ance which is characteristic of axrI plants. In addition, the infloresc-
ences are thin and the flowers are poorly developed. When the
mutants were allowed to self they produced very few seed. However,
they were capable of serving as both male and female parent in crosses
with wild-type or @xr] plants (see below). All of these features are also
characteristic of @xr] plants. Seven of the new resistant lines were
recovered from an EMS-mutagenized population and one line was
recovered from a gamma-mutagenized population. A summary of all
of the axrl screens is presented in Table 1.

Genetic analysis of @xr] mutants

To determine the genetic basis for auxin-resistance in the new
mutant lines, each line was crossed to wild-type plants and the F1
progeny were allowed to self to produce an F2 population. The F1and
F2 progeny from these crosses were analyzed by placing seeds on
medium containing 1.0 M 2,4-D. Results for axr1-19 and axrl-21
are presented in Table 2. For each line, all of the F1 plants were
sensitive to auxin and in the F2, auxin-resistance segregated at a ratio
of 3 sensitive plants to 1 resistant plant. These results indicate that for
these mutant lines, auxin resistance is due to a single recessive
mutation. Similar results were obtained for all of the @xr] mutants.
The mutants were further analyzed by crossing to plants which were
homozygous for the axr1-3 mutation. Table 3 shows that for mutants
axrl-19 and axrl-21, the progeny of these crosses were auxin-
resistant and had the axr] morphological phenotype indicating that
in each line, auxin resistance was due to a mutation at the axrI gene.
Again similar results were obtained for all of the mutants listed in
Table 1.

axrl roots have an altered gravitropic response

Physiological studies in a number of plant species indicate that
auxin may be involved in gravitropic growth of roots (Feldman,
1985). To determine if @xr1 plants are defective in root gravitropism,
we examined the growth of mutant and wild-type roots which had
been rotated from a vertical orientation to a horizontal orientation.
The results are displayed in Figure 1. Wild-type roots were complete-
ly reoriented after five hours while @xrI-3 roots were not growing
vertically until eight hours had passed. The gravitropic response of
axrl roots appears to be intact but considerably delayed. Because axr!
roots have a slightly faster growth rate than wild-type roots, the
difference in gravitropic response is not due to a reduction in root
growth rate.

Auxin-resistance in axrl plants is not root-specific.

Because the axr] mutants were isolated on the basis of auxin-
resistant root growth, it is possible that auxin resistance is only
expressed in the roots. To test this possibility we measured ethylene
production in wild-type and mutant inflorescence tissue treated with
various concentrations of 2,4-D. Auxin has been shown to stimulate
ethylene biosynthesis in many plant species by causing an increase in
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Fig. 1. Gravitropic response in roots of wild-type (open symbols) and
axrl-3 (closed symbols) seedlings. Seedlings grown on agar medium
were rotated 90° at time zero. The angle of curvature from the
horizontal was measured at times indicated. Each point represents the
mean of at least 7 measurements. Error bars describe the standard
error.

the level of the enzyme 1-aminocyclopropane 1-carboxylic acid (ACC)
synthase (Yang and Hoffman, 1984). Our resules, displayed in Figure
2, show that 2,4-D also causes an increase in ethylene production in
Arabidopsis inflorescence segments. Wild-type segments produce
significant levels of ethylene at 2,4-D concentrations of 0.05 mM or
higher. However, in stem segments from axr] plants, measurable
ethylene production does not occur until the concentration of hor-
mone is 1.0 mM. This result indicates that auxin resistance in @xrl
plants is expressed in both the roots and the inflorescence.

To further investigate the expression of the gxr! mutation we
measured callus initiation from wild-type and axrl inflorescence
segments on tissue culture media containing various concentrations
of 2,4-D. The results of this experiment are displayed in Figure 3.
When segments were placed on media containing 2,4-D at a
concentration of from 1 to 20 WM, significantly less callus was
produced on axr! tissue than on wild-type tissue. At higher concen-
trations of 2,4-D, both genotypes produced about the same amount
of callus. These results suggest that axrl inflorescence tissue does not
respond to auxin in the same way as wild-type tissue.

DISCUSSION

We have identified eight new auxin-resistant lines of Arabidapsis
which have a morphological phenotype characteristic of the axrl
mutant. Genetic analysis demonstrated that each of these new lines
carries a recessive mutation at the axrl gene. Because mutants
recovered from the same M2 population may be sibs, we do not know
how many different alleles of the @xr! gene have been isolated.
However, since we screened four independent M2 populations, we
must have at least four alleles. In addition, the mutant axrl-3 is
unique among the axr! mutants because it alone produces significant
numbers of selfed progeny (Lincoln and Estelle, unpublished). We
therefore believe that we have isolated at least two axr! alleles from
M2 population A and ar least one allele from each of populations B, C
and D for a total of ac least five axrl alleles.

Table 3. Complementation analysis of axr! lines

Cross Number of plants
) Resistant Sensitive
axrl-19 X axrl-3 21 —
axrl-21 X axrl-3 13 —

The function of the wild-type AXR1 gene remains unclear.
However the morphological phenotype of the axr! mutants suggest
that the gene plays an important role in auxin action. Mutant plants
display a reduction in apical dominance and a decrease in internode
elongation (Estelle and Somerville, 1987), processes which are
thought to be regulated by auxin (Philips, 1975; Jacobs and Ray,
1979). The results described in this report show that the axrl
mutation also affects the gravitropic response of the root. Mutant
roots respond to gravity, but significantly slower than wild-type
roots.

The role of auxin in root gravitropism is controversial (Feldman,
1985). According to the Cholodny-Went hypothesis, root curvature
is due to the accumulation of a growth inhibiting substance on the
lower portion of the root. The nature of this substance is unclear, but
both IAA and abscisic acid have been proposed as candidates.
Alternatively, differential growth may be due to changes in sensitivity
to one or more growth regulators (Trewavas, 1981). The axrl
mutation may be disturbing gravitropic response in a number of
ways. A decrease in the rate of auxin transport mighe affect the
establishment of an asymmetry in auxin concentration across the root
which may be responsible for differential growth. Conversely, a
decrease in auxin response in the growth zone of the root might result
in a slower response to gravity. The available genetic evidence
suggests that auxin plays an important role in gravitropic growth. In
addition to axrl, the auxin-resistant mutants axx1, Dwyf and axr2 all
display defects in gravitropism (Mirza et al., 1984; Wilson and
Estelle, unpublished). In tomato, the diageotropica mutant, originally
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Fig. 2. Auxin-induced ethylene production in wild-type (open sym-
bols) and axr1-3 (closed symbols) stem segments. Ethylene levels were
measured after 24 hours. Error bars indicate indicate +/-standard error

(n=3).
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Fig. 3. Production of callus on wild-type (open symbols) and axrI-3
(closed symbols) stem segments in medium containing various concen-
trations of 2,4-D. Growth rate is expressed as W-Wo/Wo where Wo is
the original weight and W is the final weight measured in mg. Final
weight was determined after 21 days.

identified on the basis of a gravitropic defect, has since been shown to
be resistant to auxin (Kelly and Bradford, 1986).

In early studies on the #xr] mutants, auxin resistance was meas-
ured in seedling roots (Estelle and Somerville, 1987). By measuring
auxin induction of ethylene biosynthesis in stem segments and the
induction of callus growth in media containing various concentra-
tions of auxin, we have now shown that auxin-resistance is also
expressed in the aerial portion of the plant. The AXRI gene product
appears to be required for normal auxin response in most tissues of the
plant. This is in contrast to the situation with the azxI mutants of
Arabidopsis. These mutants display about the same level of resistance
to auxin as do axr! plants, but do not display the same array of
morphological aberrations. The only visible phenotype of axx1 plants
is a severe defect in root gravitropism. The wild-type axx! gene
product appears to have a specific function in root gravitropism while
the wild-type @xrl gene product has a more general function and is
required in most tissues of the plant.

The genetic analysis of hormone response in Arabidopsis promises
to provide new insight into the molecular mechanism of hormone
action. The recent development of two restriction fragment length
polymorphism (RFLP) maps in Arabidopsis (Chang et al.; 1988, Nam
et al., 1989) as well as techniques for cloning large fragments of
Arabidapsis DNA Iin yeast artificial chromosone vectors (Guzman and
Ecker, 1988) should make it possible to isolate any gene which has
been identified by mutation. We have localized the zxrI gene to a
region on the end of chromosome 1 and have initiated a chromosome
walk from a closely linked RFLP. We expect that the molecular
isolation and characterization of the @xrl gene will provide new
insight into the mechanism of auxin action.
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