The Plant Cell, Vol. 12, 2395-2408, December 2000, www.plantcell.org © 2000 American Society of Plant Physiologists

Cloning and Characterization of JAR1, a Gene Required for
Auxin Conjugate Sensitivity in Arabidopsis
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Most indole-3-acetic acid (IAA) in higher plants is conjugated to amino acids, sugars, or peptides, and these conju-
gates are implicated in regulating the concentration of the free hormone. We identified iar1 as an Arabidopsis mutant
that is resistant to the inhibitory effects of several IAA-amino acid conjugates but remains sensitive to free IAA. iar1
partially suppresses phenotypes of a mutant that overproduces IAA, suggesting that JAR7 participates in auxin metab-
olism or response. We used positional information to clone IAR1, which encodes a novel protein with seven predicted
transmembrane domains and several His-rich regions. IAR1 has homologs in other multicellular organisms, including
Drosophila, nematodes, and mammals; in addition, the mouse homolog KE4 can functionally substitute for IAR1 in vivo.
IAR1 also structurally resembles and has detectable sequence similarity to a family of metal transporters. We discuss

several possible roles for IAR1 in auxin homeostasis.

INTRODUCTION

Indole-3-acetic acid (IAA) is the major endogenous auxin
and participates in many plant developmental processes, in-
cluding cell enlargement and division, differentiation of vas-
cular tissue, initiation of lateral roots, apical dominance, and
responses to environmental stimuli such as gravity and light
(reviewed by Estelle and Klee, 1994; Bennett et al., 1998).
Plants contain little free IAA; most IAA is found conjugated
to amino acids, peptides, sugars, or high molecular weight
glycans. These conjugates have been implicated in such
processes as storage, transport, and protection from oxida-
tive degradation (reviewed in Cohen and Bandurski, 1982;
Bandurski et al., 1995). Plants apparently also permanently
inactivate excess IAA by conjugation (reviewed in Normanly,
1997). For example, many plants form IAA-Asp as an inter-
mediate in IAA catabolism (Tsurumi and Wada, 1986; Monteiro
et al., 1988; Tuominen et al., 1994; Ostin et al., 1998).
Conjugation and hydrolysis of conjugates are probable
mechanisms used to regulate the concentrations of free IAA
(reviewed in Normanly and Bartel, 1999), and characteriza-
tion of the genes involved in these processes is a prerequi-
site to understanding this regulation. Although diverse land
plants conjugate IAA to glucose and other molecules (Sztein
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et al., 1995, 1999), the only plant gene so involved that has
been identified is the maize iaglu gene, which encodes an
enzyme esterifying IAA to glucose (Szerszen et al., 1994).
Various plants hydrolyze IAA conjugates, and IAA-glucose
hydrolases have been identified in maize, potato, oat, and
bean (Kowalczyk and Bandurski, 1990; Jakubowska et al.,
1993). IAA-Ala hydrolases have been partially purified from
bean and carrot (Cohen et al., 1988; Kuleck and Cohen,
1993), and Chinese cabbage extracts contain isoenzymes
that hydrolyze IAA-Ala, IAA-Asp, and IAA-Phe (Ludwig-
Mdiller et al., 1996).

The ability of several IAA conjugates to mimic the effects
of free IAA on plant growth (reviewed by Bartel, 1997) has
been exploited to identify Arabidopsis mutants that respond
abnormally to IAA conjugates. The ilr1 (IAA-Leu-resistant)
mutant elongates roots at concentrations of IAA-Leu that in-
hibit wild-type root growth. The gene defective in ilr1 en-
codes an amidohydrolase with high affinity for IAA-Leu and
IAA-Phe and lesser affinity for IAA-Ala, IAA-Gly, and IAA-Val
(Bartel and Fink, 1995). Four ILR1-like genes, ILL1, ILL2
(Bartel and Fink, 1995), ILL3, and ILL5 (Davies et al., 1999),
have been identified on the basis of their similarity to ILR7. A
sixth member of this gene family is defective in the iar3 (IAA-
Ala-resistant) mutant and encodes an amidohydrolase spe-
cific for IAA-Ala (Davies et al., 1999). Two other mutants,
icr1 and icr2, are resistant to growth inhibition by IAA-Phe,
IAA-Ala, and IAA-Gly (Campanella et al., 1996), but the
genes defective in these mutants remain unidentified.

We have been identifying and characterizing Arabidopsis
mutants with altered responses to IAA-amino acid conju-
gates to elucidate the role of conjugate metabolism in plant
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Figure 1. jar1 Roots Have Decreased Sensitivity to IAA-Amino Acid
Conjugates and Normal Sensitivity to IAA.

(A) Eight-day-old jar7-1 mutant and Wassilewskija (Ws) wild-type
seedlings were removed from the agar and photographed after
growth on medium containing no hormone, 200 nM IAA, or 40 pM
IAA-Ala.

(B) Wild-type Columbia (Col-0) and iar1 mutant seed were plated on
medium containing 20 wM of the indicated IAA-amino acid conju-
gates. After 8 days, the primary root of each seedling was measured

development. Here, we report the isolation of the jar? auxin
conjugate-resistant mutant and the positional cloning of
IAR1, which encodes a polytopic membrane protein with
several His-rich regions. IAR1 represents a novel compo-
nent of the auxin conjugate metabolic machinery in plants,
and several possible models for its function are discussed.

RESULTS

Isolation and Characterization of jar1 Mutants

Certain IAA-amino acid conjugates mimic free IAA in bioas-
says (reviewed in Bartel, 1997), and IAA conjugates that in-
hibit Arabidopsis root elongation have been used in mutant
screens to identify genes involved in hydrolysis of IAA con-
jugates (Bartel and Fink, 1995; Davies et al., 1999). We ini-
tially identified the iar7 mutant because its roots elongate at
concentrations of IAA-Ala that are normally inhibitory, as
shown in Figure 1. Table 1 lists the seven iar1 alleles, four of
which were isolated in screens for IAA-Ala resistance. Three
additional jar1 alleles were identified as enhancers of the ilr1
mutant, which is defective in an IAA conjugate hydrolase
(Bartel and Fink, 1995). These alleles were isolated based on
the increased resistance of ilr1 iar1 double mutants to IAA-
Leu or IAA-Phe. The recessive nature of the iar1 mutations
(data not shown) suggests that they are loss-of-function al-
leles.

We quantitated the IAA conjugate resistance of the iar?
alleles by comparing root lengths of seedlings grown on me-
dium containing various conjugates. All iar1 alleles are resis-
tant to IAA-Ala, jiar1-4 and iar1-5 being the strongest and
weakest alleles, respectively (data not shown). Because ilr1
iar1 double mutants are highly resistant to IAA-Leu and IAA-
Phe (data not shown), we tested the response of iar7 single
mutants to these conjugates in root elongation assays. iar7-3
is resistant to IAA-Phe at all concentrations tested (10 to
40 M) but is resistant to IAA-Leu only at lower concentra-
tions (10 to 20 wM; Figure 1B and data not shown). iar?
roots are also resistant to elongation inhibition by IAA-Gly,
IAA-GiIn, and IAA-Glu (Figure 1B), indicating that IAR1 is re-

and normalized against growth on unsupplemented medium. Error
bars indicate standard errors of the means (n = 13), and asterisks
indicate significant differences from the wild type (Student’s t test,
P < 0.0001).

(C) Wild-type (Col-0) and iar1 mutant seed were plated on medium
containing the indicated concentrations of IAA. After 8 days, the pri-
mary root of each seedling was measured. Error bars indicate stan-
dard errors of the means (n = 10).
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Table 1. jar1 Mutant Alleles

Allele Accession Screen Mutagen Codon Change? Amino Acid Change Allele Detection
iar1-1 Ws IAA-AlaR EMS GGA-AGA Gly4%°_, Arg Destroys Hpall site
iar1-2 Ws IAA-AlaR EMS GGA-AGA Gly*23 _, Arg Destroys Acil site
iar1-3 Col-0 IAA-AlaR Fast neutron GGAATG - GGGCCTG Frameshift at codon 458 Creates Haelll site
iar1-4 Col-0 IAA-AlaR Fast neutron 65 to 80-kb deletion including Late-flowering due to
entire IJAR7 coding region FKF1 deletion®
iar1-5 Ws ilr1 enhancer IAA-Leu® EMS AGA - AAA Arg®7 . Lys Sequencing
iar1-6  Ws ilr1 enhancer IAA-LeuR EMS CAA_TAA GiIn'62 , stop Destroys Hphl site
iar1-7 Ws ilrt enhancer IAA-Phe® EMS tagCT - taaCT Predicted to disrupt Creates Alul site
(3’ splice site of first intron)° splicing

aNucleotide changes are underlined.
bNelson et al., 2000.

¢Intron bases are in lowercase letters; exon bases are in uppercase letters.

quired for IAA conjugate sensitivity in general rather than
being conjugate specific. In contrast, iar1 plants respond
normally to a range of concentrations of free IAA (Figures 1A
and 1C), indicating that mutations in /AR7 alter conjugate
sensitivity rather than general auxin responsiveness.

As shown in Figure 2, exogenous |IAA or IAA conjugates
can inhibit Arabidopsis hypocotyl elongation in the light; ac-
cordingly, we examined the effects of IAA conjugates on
iar1 hypocotyl elongation. iar1 mutant hypocotyls respond
normally to free IAA but are resistant to the inhibitory effects
of IAA-Ala on elongation (Figure 2). These results suggest
that IAR1 functions in the hypocotyls as well as the roots of
Arabidopsis seedlings.

The iar1 Mutation Partially Suppresses alf1 Phenotypes

The Arabidopsis aberrant lateral root formation (alf1) mutant
(Celenza et al., 1995), also isolated as rooty (King et al., 1995),
superroot1 (Boerjan et al., 1995), and hookless3 (Lehman et
al., 1996), overproduces both free and conjugated IAA
(Boerjan et al., 1995; King et al., 1995; Lehman et al., 1996).
alf1 plants have short primary roots, display increased num-
bers of adventitious and lateral roots, fail to make an apical
hook when germinated in the dark, and are completely ster-
ile under normal growth conditions (Celenza et al., 1995).
These phenotypes can be copied by applying auxin to wild-
type plants (Boerjan et al., 1995; Celenza et al., 1995; King
et al., 1995; Lehman et al., 1996). To investigate whether
IAR1 influences IAA responses in vivo, we generated ho-
mozygous iarl/iar1 alf1/alf1 plants (see Methods). iar1 par-
tially rescues the fertility defect of alff, in that double
mutants yield some seed. In addition, iar? alf1 plants are
able to form a partial apical hook when germinated in the
dark (data not shown). We quantified the degree to which
iar1 suppresses alfl by monitoring root elongation on un-
supplemented medium. As shown in Figure 3, the iar7 muta-

tion suppresses the alfl root elongation defect. The
observation that loss of /AR7 function can partially alleviate
defects in the alf1 auxin-overproducing mutant suggests
that IAR1 normally acts to increase the concentrations of
free IAA or the sensitivity to IAA.

Suppression of the iar1 Phenotype by Manganese

The Arabidopsis amidohydrolases characterized to date re-
quire a metal cofactor. Mn2+ and Co?* are the most effective
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Figure 2. jar1 Hypocotyls Have Decreased Sensitivity to IAA-Ala.

Wild-type and iar1 seed were plated on medium containing the indi-
cated concentrations of IAA or IAA-Ala. After 8 days in yellow-fil-
tered light at 22°C, hypocotyls were measured and normalized
against growth on unsupplemented medium. Error bars indicate
standard errors of the means (n = 20 for Ws and iar7-1, n = 9 for
iar1-2), and asterisks indicate significant differences from the wild
type (Student’s t test, P < 0.0001).




































