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Auxins are hormones important for numerous processes throughout plant growth and development. Plants use several
mechanisms to regulate levels of the auxin indole-3-acetic acid (IAA), including the formation and hydrolysis of amide-linked
conjugates that act as storage or inactivation forms of the hormone. Certain members of an Arabidopsis amidohydrolase family
hydrolyze these conjugates to free IAA in vitro. We examined amidohydrolase gene expression using northern and promoter-
B-glucuronidase analyses and found overlapping but distinct patterns of expression. To examine the in vivo importance of
auxin-conjugate hydrolysis, we generated a triple hydrolase mutant, ilr1 iar3 ill2, which is deficient in three of these hydrolases.
We compared root and hypocotyl growth of the single, double, and triple hydrolase mutants on IAA-Ala, IAA-Leu, and IAA-
Phe. The hydrolase mutant phenotypic profiles on different conjugates reveal the in vivo activities and relative importance of
ILR1, IAR3, and ILL2 in IAA-conjugate hydrolysis. In addition to defective responses to exogenous conjugates, ilrl iar3 ill2
roots are slightly less responsive to exogenous IAA. The triple mutant also has a shorter hypocotyl and fewer lateral roots than
wild type on unsupplemented medium. As suggested by the mutant phenotypes, ilrl iar3 ill2 imbibed seeds and seedlings
have lower IAA levels than wild type and accumulate JAA-Ala and IAA-Leu, conjugates that are substrates of the absent
hydrolases. These results indicate that amidohydrolases contribute free IAA to the auxin pool during germination in

Arabidopsis.

Although auxins are essential regulators of many
aspects of plant growth and development, our un-
derstanding of how levels of this hormone are con-
trolled remains incomplete. One component of auxin
homeostasis is conjugation of the auxin indole-3-acetic
acid (IAA) to different moieties, including esterifica-
tion to sugars and amide linkage to amino acids and
peptides. IAA-Leu, IAA-Ala, IAA-Asp, IAA-Glu, and
IAA-Glc have been identified in Arabidopsis seedlings
(Tam et al., 2000; Kowalczyk and Sandberg, 2001).
Several IAA-peptide conjugates have been identified
in bean seeds (Bialek and Cohen, 1986; Walz et al.,
2002) and Arabidopsis (Walz et al., 2002); in fact, IAA-
peptide conjugates are the major IAA conjugates in
Arabidopsis seeds (Ljung et al., 2002; Park and Cohen,
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2003). Different IAA conjugates apparently have spe-
cific functions in plants, such as storage, transport,
or inactivation of JAA (Cohen and Bandurski, 1982;
Bartel et al., 2001). In general, endogenous IAA con-
jugates that are biologically active and hydrolyzed in
plants may function as auxin storage forms, whereas
conjugates inactive in bioassays may have roles in IAA
degradation (Bartel et al., 2001; Ljung et al., 2002).
Several Arabidopsis screens have uncovered IAA-
amino acid conjugate-resistant mutants that help to
delineate conjugate functions (Bartel and Fink, 1995;
Campanella et al., 1996; Davies et al., 1999; Lasswell
et al., 2000; Magidin et al., 2003; LeClere et al., 2004).
Two of these mutants, ilrl and iar3, are defective in
IA A-amino acid conjugate hydrolases (Bartel and Fink,
1995; Davies et al., 1999). The ILR1 and IAR3 enzymes
hydrolyze IAA conjugates in vitro (Bartel and Fink,
1995; Davies et al., 1999; LeClere et al., 2002) and are
similar to members of the M40 class of bacterial
carboxypeptidases (Barrett et al., 2003) that cleave
a variety of small molecules, including IAA-Asp
(Chou et al, 1996, 1998), benzoylglycine (Hani
and Chan, 1995), acetylated amino acids (Sakanyan
et al.,, 1993), and secreted human odorant precursors
(Natsch et al., 2003). Degenerate PCR and sequence
similarity searches revealed five additional ILRI-like
genes (ILL1, ILL2, ILL3, ILL5, and ILL6) in the Arabi-
dopsis amidohydrolase family (Davies et al., 1999;

978 Plant Physiology, June 2004, Vol. 135, pp. 978-988, www.plantphysiol.org © 2004 American Society of Plant Biologists



LeClere et al., 2002). Of the seven genes, ILR1, ILLI,
ILL2, and IAR3 encode enzymes that can cleave IAA-
amino acids at least to some extent, ILL3 and ILL6/GR1
encode enzymes that show no activity on IAA-L-amino
acids in vitro, and ILL5 is an apparent pseudogene in
the Columbia ecotype (Col-0) accession (Davies et al.,
1999; LeClere et al., 2002) for which no cDNAs have
been reported. ILR1, ILL2, and IAR3 all have K, values
and catalytic efficiencies suggesting that they could
function at the expected physiological concentrations
of the conjugates (LeClere et al., 2002). Members of the
amidohydrolase family are found in both monocots
and dicots (LeClere et al., 2002), and an ILR1-like Arabi-
dopsis suecica amidohydrolase that is active on IAA-
Ala and IAA-Gly has been described (Campanella
et al., 2003a, 2003b).

Although the ilr1 and iar3 mutants are less sensitive
than wild type to inhibition of root elongation by
exogenous IAA-amino acid conjugates (Bartel and
Fink, 1995; Davies et al., 1999), no morphological
abnormalities in the absence of conjugates have been
reported in either single hydrolase mutant. This obser-
vation may reflect functional redundancy among fam-
ily members. It may be necessary to disrupt multiple
genes to determine the roles of the amidohydrolases,
and consequently those of IAA conjugates, in plant
growth and development.

Here we show that Arabidopsis plants defective in
three of the amidohydrolases active on IAA-amino
acids have phenotypes suggestive of low endogenous
auxin levels, including shorter hypocotyls and fewer
lateral roots than wild type on unsupplemented me-
dium. Moreover, ilr] iar3 ill2 seedlings have lower IAA
levels and higher levels of the IAA conjugates that are
substrates for these enzymes. Comparison of the
single, double, and triple mutant responses to IAA
conjugates and amidohydrolase gene expression pat-
terns suggests that each hydrolase may play both
unique and overlapping roles in auxin homeostasis.

RESULTS
Hydrolase Genes Have Distinct Expression Patterns

Four of the seven Arabidopsis amidohydrolase
genes, ILR1, IAR3, ILL1, and ILL2, encode proteins
that are active on IAA-amino acid conjugates in vitro
(LeClere et al., 2002). To determine the tissues in which
the hydrolases might be active in vivo, we examined
expression using northern analyses of ILR1, ILL1, and
ILL2 genes with gene-specific probes and compared
expression to that of JAR3 (Davies et al., 1999). All four
IAA-conjugate hydrolase genes are expressed in
leaves, stems, siliques, and flowers. However, only
ILL2 and possibly ILR1 messages were detected in
seeds, and only IAR3 and ILL1 were detected in roots
(Fig. 1).

To further explore the expression profiles of the
amidohydrolase genes, we constructed transgenic
lines containing hydrolase promoter elements driving

Plant Physiol. Vol. 135, 2004

Arabidopsis Indole-3-Acetic Acid Conjugate Hydrolases

S 5 e ) \}69 o2
o B e g oo
.
ILR 1 - . e
ILL1
iz -
IAR 3 .- . f ’

25S rRNA ' -

Figure 1. Tissue specificity of amidohydrolase gene expression. Total
RNA prepared from the indicated Arabidopsis tissues was analyzed by
gel-blot hybridization with antisense RNA probes prepared from ILRT,
ILLT, and ILL2 or with a DNA probe that detects the 255 rRNA.
Previously determined IAR3 hybridization (Davies et al., 1999) is
shown for comparison.

expression of the B-glucuronidase (GUS) reporter gene
(see “Materials and Methods”). We examined staining
in mature embryos (0 d) and 1-, 2-, 3-, 5-, and 8-d-old
seedlings (Fig. 2). Leaves, stems, siliques, and flowers
from adult plants were also stained and examined
(Fig. 3). ILR1-GUS was detected in central regions of
cotyledons and in the hypocotyl, the radicle of mature
embryos, and 1-d-old seedlings (Fig. 2). Staining was
not visible in leaves or stems but was detected in the
micropyle of siliques and in pollen (Fig. 3). ILL2-GUS
was detected in the distal tips of cotyledons and
seedling leaves (Fig. 2) and appeared concentrated in
the hydathodes of leaves from mature plants (Fig. 3).
ILL2-GUS staining was not visible in stems but was
seen in pollen, ovules, and developing seeds (Fig. 3).
ILL3-GUS staining was visible in cotyledons, leaves,
and hypocotyls of seedlings (Fig. 2) and in leaves and
pollen of mature plants (Fig. 3). JAR3-GUS stained
primarily in vascular tissue, as seen in 8-d-old coty-
ledons and roots (Fig. 2) and in adult leaves,
stems, siliques, and petals (Fig. 3). IAR3-GUS also
was detected in hydathodes and in silique abscission
zones and funicles (Fig. 3). ILLI-GUS expression was
detected only in pollen (Fig. 3).

Hydrolase Mutants Have Varied Responses to
Exogenous IAA Conjugates

Although forward genetic approaches uncovered
ilrl and iar3 mutants (Bartel and Fink, 1995; Davies
et al., 1999), the roles of the other Arabidopsis IAA-
conjugate hydrolases have been inferred only from
biochemical studies (LeClere et al.,, 2002). These
studies revealed that ILL2 is the most active of the
amidohydrolases in vitro. Northern (Fig. 1) and pro-
moter-reporter analyses (Fig. 2) of ILL2 expression
suggest that ILL2 and ILR1 are present in partially
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Figure 2. GUS staining of amidohydrolase promoter-GUS fusions in seedlings. Seedlings grown under continuous white light
were harvested on the indicated day and placed in staining buffer (see ““Materials and Methods”). Columns indicate days after

imbibition, with 0 d representing embryos from dry seed.

overlapping tissues, consistent with the possibility that
these two hydrolases might have overlapping func-
tions. To explore this possibility, we isolated an lI2
mutant from the Arabidopsis Knockout Facility (Mad-
ison, WI). The ill2-1 mutant has a T-DNA insertion near
the 3’ end of the second exon (+644 bp from the start
codon; Fig. 4). ill2-1 is likely to be a null allele; the
T-DNA insertion was accompanied by a 42-bp deletion
that includes an exon-intron junction and is in a region
of the protein that is highly conserved among the seven
Arabidopsis amidohydrolase proteins. We crossed ill2
plants toboth ilr1-1 and iar3-2 mutants (Bartel and Fink,
1995; Davies et al., 1999) and used PCR and restriction
digestion to identify homozygous lines of ilr1 ill2, iar3
il12, and ilr1 iar3 ill2.

To determine the relative in vivo importance of
ILR1, IAR3, and ILL2 hydrolysis on various IAA-
amino acid conjugates, we assayed root and hypocotyl
elongation of the single, double, and triple hydrolase
mutants on IAA-Leu, IAA-Phe, and IAA-Ala (Fig. 5).
These conjugates cause a dose-dependent inhibition of
wild-type root and hypocotyl elongation, providing
a quantitative in vivo assay for hydrolase function. In
this assay, iar3, ill2, and iar3 ill2 mutant roots retained
wild-type sensitivity to the inhibition of root elonga-
tion caused by IAA-Leu; ilr1 and ilr1 ill2 mutant roots
were less sensitive than wild type to IAA-Leu; and the
ilr1 iar3 and ilr1 iar3 ill2 mutant roots were essentially
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IAA-Leu insensitive (Fig. 5A). These results indicate
that ILR1 and IAR3, but not ILL2, are important for
IAA-Leu hydrolysis in roots.

When we similarly assayed IAA-Phe responsive-
ness, we found that iar3, ilI2, and iar3 ill2 mutant roots
had wild-type sensitivity to the inhibition of root
elongation caused by IAA-Phe, whereas the ilr1, ilrl
ill2, ilr1 iar3, and ilr1 iar3 ill2 mutant roots displayed
progressively decreasing IAA-Phe sensitivity (Fig.
5C). These results demonstrate that ILR1 is most
important for IAA-Phe hydrolysis in roots, followed
by IAR3, and then ILL2.

We also examined the inhibition of hypocotyl elon-
gation caused by IAA-Leu and IAA-Phe (Fig. 5, B and
D). Every hydrolase mutant defective in ILR1 was less
sensitive than wild type to elongation inhibition by
TIAA-Leu, whereas mutants with functional ILR1 had
wild-type hypocotyl responses. Thus, only ILR1
cleaves exogenous IAA-Leu in the hypocotyl. The
hydrolase mutant hypocotyl lengths on IAA-Phe
resembled the pattern seen with root lengths on
IAA-Phe, showing that all hydrolases can hydrolyze
IAA-Phe in hypocotyls, at the relative levels described
above for roots.

We found that ilr1, ill2, and ilr1 ill2 mutant roots had
wild-type sensitivity to the inhibition of root elongation
caused by IAA-Ala (Fig. 5E). As previously shown
(Davies et al., 1999), iar3 mutant roots are less IAA-Ala
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Figure 3. GUS staining of amido-
hydrolase promoter-GUS fusions in
mature plants. Parts from 47-d-old
plants grown in soil under contin-

Leaves

uous light were harvested and im- ILR1-GUS
mediately placed in staining buffer
(see “Materials and Methods”).
ILL1-GUS
#
ILL2-GUS
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sensitive than wild type. We found that the double
hydrolase mutants ilrl iar3 and iar3 ill2 were less
sensitive than the single iar3 mutant and that the triple
ilrl iar3 ill2 mutant roots were the least IAA-Ala
sensitive of all the genotypes (Fig. 5E). IAR3 is thus
more important than ILR1 and ILL2 for IAA-Ala
hydrolysis in roots. Interestingly, roots of all of the
hydrolase mutants remained sensitive to IAA-Ala at
high concentrations (Fig. 5E). In contrast to the results
seen with IAA-Leu and IAA-Phe, hydrolase mutant
hypocotyls all remained sensitive to the inhibition of
elongation caused by IAA-Ala (Fig. 5F). These results
are consistent with the possibility that Arabidopsis
seedlings may sense JAA-Ala even in the absence of its
hydrolysis.

ilrl iar3 ill2 Seedlings Display Low Auxin Phenotypes

Analysis of ilrl iar3 ill2 seedlings grown in the
absence of exogenous hormones revealed several
phenotypes suggestive of low auxin levels. ilr1 iar3
ill2 and ilr1 iar3 mutants have shorter hypocotyls than
wild-type plants when grown in the light (Fig. 6A) but
not when grown in the dark (data not shown). ilv1 iar3
ill2 seedlings also have slightly fewer lateral roots than
wild type (Fig. 6B). These phenotypes are also found
in plants with reduced auxin responsiveness, includ-
ing the auxin-response mutants axrl (Estelle and
Somerville, 1987), axr4 (Hobbie and Estelle, 1995), and
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ibr5 (Monroe-Augustus et al., 2003). Arabidopsis plants
expressing the Pseudomonas savastanoi indoleacetic
acid-Lys synthetase gene (iaaL) have shorter hypo-
cotyls than wild type in the light (Jensen et al., 1998),
likely because of decreased IAA levels due to in-
creased TAA conjugation. Tobacco plants expressing
iaaL have 5-fold less free IAA than wild type, and these
plants also display low-auxin phenotypes including
reduced apical dominance and reduced rooting
(Romano et al., 1991).

Triple mutant roots are less sensitive than wild-type
roots to elongation inhibition caused by exogenous
IAA (Fig. 6C). ilr1 iar3 ill2 plants also are less sensitive
than wild type to other natural and synthetic auxins,
including indole-3-butyric acid (IBA), 1-naphthalene-
acetic acid, and 2,4-dichlorophenoxyacetic acid (data
not shown). This reduced sensitivity may reflect
a lower level of IAA present in ilr1 iar3 ill2 plants, or
may be due to an ability to conjugate exogenous auxin
without subsequent hydrolysis, resulting in more
efficient inactivation of applied auxins. We therefore
decided to directly measure IAA and IAA-amino acid
conjugate levels in the triple mutant.

ilrl iar3 ill2 Mutants Have Reduced IAA Levels

Conjugates of IAA with the amino acids Ala, Leu,
Asp, and Glu have been detected in young Arabi-
dopsis seedlings (Tam et al,, 2000; Kowalczyk and
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Figure 4. Nature of the triple hydrolase mutant alleles. A, Gene models
for ILRT, IAR3, and ILL2; exons are represented by black boxes and
introns by thin lines. The locations of the missense mutations in ilr1-1
and iar3-2 are designated by arrows. The triangle represents the site of
the T-DNA insertion in ill2-1. Left border (LB) T-DNA sequence is
located at both 5’ and 3’ ends of the insertion. B, ILL2 and ill2-1
sequence at the 5’ junction of the T-DNA insertion in exon 2.

Sandberg, 2001). We compared IAA and IAA-amino
acid levels in wild type and ilr1 iar3 ill2 triple mutant
to determine whether the hydrolase mutant has re-
duced endogenous auxin levels. We found that IAA
levels were reduced in the triple mutant by 33% and
47% in imbibed seeds and seedlings, respectively (Fig.
7A). Also consistent with a conjugate hydrolysis de-
fect, ilr1 iar3 ill2 imbibed seeds had 8- and 5-fold higher
levels of IAA-Ala (Fig. 7B) and IAA-Leu (Fig. 7C),
respectively, than wild type. The elevation in IAA-Ala
levels was still significant in 4-d-old triple mutant
seedlings (Fig. 7B). In contrast, the ilr1 iar3 ill2 mutant
does not accumulate significantly more IAA-Asp or
IAA-Glu than wild type (Fig. 7, D and E). The in vivo
accumulation of conjugates in the mutant mirrors the
in vitro specificity of the enzymes. IAA-Ala is an
efficient in vitro substrate of IAR3 and ILL2, and TAA-
Leu is efficiently hydrolyzed by ILR1, but IAA-Asp
and IAA-Glu are not efficiently hydrolyzed in vitro by
any of the amidohydrolases (LeClere et al., 2002).

DISCUSSION

Four of seven related amidohydrolases encoded in
the Arabidopsis genome cleave IAA-amino acid con-
jugates in vitro (Bartel and Fink, 1995; Davies et al.,
1999; LeClere et al., 2002). Northern and promoter-
GUS expression analyses show that these amidohy-
drolases are present at distinct times throughout plant
growth and development, perhaps allowing plants to
utilize stored IAA when needed. Our observation that
the ilrl iar3 ill2 triple mutant accumulates IAA-Ala
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and IAA-Leu while displaying reduced levels of IAA
(Fig. 7) provides the first direct evidence to our
knowledge that these enzymes hydrolyze endogenous
IAA-amino acid conjugates in plants.

The high ILR1-GUS accumulation in germinating
seeds (Fig. 2) is consistent with previous reverse
transcription (RT)-PCR detection of ILR1 mRNA in
1-d-old seedlings (Campanella et al., 2003b) and sug-
gests a role for ILR1 in liberating IAA from conjugates
during germination. The low level of ILR1-GUS ex-
pression in roots is interesting in light of the finding
that IAA-Leu, the preferred substrate of ILR1 (LeClere
et al., 2002), accumulates preferentially in Arabidopsis
roots (Kowalczyk and Sandberg, 2001). Responses of
the hydrolase mutants to IAA conjugates show that
ILR1 is most important for IAA-Leu and IAA-Phe
responsiveness in roots, and that ILR1 is the only
hydrolase needed for IAA-Leu responsiveness in hy-
pocotyls (Fig. 5). The in vitro hydrolysis profile of ILR1
is quite different from the other enzymes, having
a different pH optimum, metal cofactor requirement,
and substrate preference (LeClere et al., 2002), sug-
gesting that ILR1 may act under different circum-
stances than the other hydrolases.

The bacterially expressed ILL2 protein hydrolyzes
IAA-Ala very efficiently (LeClere et al., 2002). The
single il[2 mutant has wild-type sensitivity to IAA
conjugates (Fig. 5), suggesting that ILR1 and IAR3 can
compensate for loss of ILL2 activity and explaining
why ill2 mutants have not been isolated in forward
genetic screens for altered conjugate responsiveness.
However, double mutant analyses indicate that ILL2
contributes to IAA-Ala and IAA-Phe responsiveness in
the absence of ILR1 or IAR3 (Fig. 5). ILL2-GUS is
expressed in germinating seedlings, particularly in
the distal tips of the cotyledons and developing leaves
(Fig. 2), suggesting that ILL2 may act with ILR1 to
provide free IAA to germinating seedlings. ILL2-GUS
expression is concentrated in the hydathodes of mature
leaves (Fig. 3). This hydathode staining is reminiscent
of that seen with the auxin-responsive DR5-GUS re-
porter (Guo et al., 2002), suggesting that ILL2 might be
responsible for releasing some of the IAA that DR5-
GUSsenses during development. Interestingly, the DR5
reporter is derived from the soybean GH3 promoter
(Ulmasov et al., 1997), and GH3 is a member of a fam-
ily that includes IAA-adenylating enzymes (Staswick
et al., 2002) likely to function in IAA-amino acid
formation. In pea stem segments, applied IAA-Ala is
rapidly hydrolyzed followed by conjugation of the
released IAA to Asp (Hangarter and Good, 1981),
suggesting coordination between conjugate hydrolysis
and formation in some tissues. Such coordination could
also account for the possibly reduced levels of IAA-Glu
that we detect in triple mutant seedlings (Fig. 7E).

IAR3-GUS accumulates in vascular tissues (Figs. 2
and 3) consistent with a role for IAR3 in the hydrolysis
of conjugates from the vascular tissue or in release of
IAA important for vascular formation or patterning
(Davies, 1995). Double and triple hydrolase mutant

Plant Physiol. Vol. 135, 2004



Arabidopsis Indole-3-Acetic Acid Conjugate Hydrolases

soeox----irt jar3ill2
— a-—jIrf jar3
—o-— jar3ill2
—o-—jir1ill2
— —|— - jl[2

— —A— - jar3
——v— - jlr1
—_—

35

Wild type

Root length (mm)
Hypocotyl length (mm)

C D
= €
£ E
£ <
= 5
[@)] [0)]
g 3
s Y
- [e]
g g

>

T

0 [ T [ [ [
0 20 40 60 80 100

E F IAA-Phe (M)
N E
E E
£ s
£ 2
()] [0]
g o
s >
= (o]
$ g

>

I

0 T | T
0 20 40 60 80 100

IAA-Ala (UM) IAA-Ala (M)

Figure 5. Hydrolase mutant responses to growth on IAA-Leu, IAA-Phe, or IAA-Ala. Root (A, C, and E) or hypocotyl (B, D, and F)
lengths of mutant and wild-type Ws seedlings were measured after 8-d growth under yellow-filtered light on media containing
the indicated concentration of IAA-Leu (A and B), IAA-Phe (C and D), or IAA-Ala (E and F). Error bars represent sps from the
means (n = 12).

IAA-conjugate responses show that IAR3 is important some jasmonic acid conjugates in vitro (LeClere et al.,
for IAA-Ala hydrolysis in roots, but only contributes 2002), suggesting that it may be important in both
measurably to IJAA-Leu and IAA-Phe responsiveness auxin and wound responses.

in the absence of ILR1. IAR3 hydrolyzes IAA conju- The insensitivity of ilr1 iar3 ill2 roots and hypocotyls

gates with small side chains, such as IAA-Ala and to high levels (100 um) of IAA-Leu and IAA-Phe (Fig.
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Figure 6. ilr1 iar3 ill2 seedlings have shorter hypocotyls and fewer
lateral roots than wild type and are less sensitive to IAA. A, Hypocotyl
elongation on unsupplemented medium. Eight-day-old mutant and
wild-type Ws seedlings grown on PNS in yellow-filtered light were
removed from the agar, and the length of the hypocotyl was measured.
Error bars indicate sps of the means (n = 12); asterisks indicate values
significantly different from wild type (two-tailed t test; P < 0.001). B,
Number of lateral roots on unsupplemented medium. Lateral roots
were counted on 10-d-old seedlings grown in yellow-filtered light.
Error bars indicate sks of the means (n = 12); asterisks indicate values
significantly different from wild type (two-tailed t test; P < 0.001). C,
Root elongation on IAA. Root length of ilr1 iar3 ill2 and wild-type
seedlings on IAA after 8 d in yellow-filtered light. Error bars indicate sps
from the means (n = 10). Root lengths of ilr1 iar3 ill2 were significantly
different from wild-type lengths at all IAA concentrations shown (two-
tailed ttest; P < 0.001).
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5) suggests that ILR1, IAR3, and ILL2 are the only
enzymes cleaving endogenous IAA-Leu during seed-
ling development. This insensitivity also supports the
view that these conjugates have auxin activity solely
by virtue of their ability to be cleaved to free IAA. In
contrast, ilrl iar3 ill2 roots and hypocotyls remain
sensitive to high concentrations of IAA-Ala (Fig. 5),
suggesting that some IAA-Ala is still hydrolyzed in
the triple mutant or that JAA-Ala has auxin effects
independent of its hydrolysis. There are several can-
didates for enzymes that might hydrolyze IAA-Ala in
the 7lr1 iar3 ill2 mutant. Although ILL1 can hydrolyze
IAA-Ala in vitro, kinetic parameters suggest that this
hydrolase would not contribute to IAA-Ala hydrolysis
in vivo (LeClere et al., 2002), and ILLI is very weakly
expressed (Figs. 1-3). As ILL1 is less than 1 kb
upstream of ILL2, a conventional illl ill2 double
mutant obtained by crossing would be difficult to
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Figure 7. ilr1 iar3 ill2 mutants have lower IAA levels and higher IAA-
Ala and IAA-Leu levels than wild type. Levels for IAA (A), IAA-Ala (B),
IAA-Leu (C), IAA-Asp (D), and IAA-Glu (E) were measured in ilr1 iar3
ill2 and wild-type Ws dry seeds imbibed for 4 d and 4-d-old seedlings
grown in light at 22°C after the imbibition period. IAA or conjugate
levels are shown as picogram per milligram fresh weight (FW) based on
three to five biological replicates. Error bars display sps from the means
and asterisks indicate values significantly different from wild type (one-
tailed t test; P < 0.05).
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obtain. Similarly, ILL5 is only approximately 3 kb
downstream of IAR3. The putative hydrolase encoded
by ILL5 has not been tested in vitro because a cDNA
has not been isolated; the Col-0 version of ILL5
contains a polymorphism in a splice acceptor site that
would be predicted to abolish splicing (Davies et al.,
1999). Alternatively, it is possible that the responsive-
ness of the triple hydrolase mutant to IAA-Ala results
from proteins in different enzyme families that can
hydrolyze IAA-Ala in Arabidopsis, or that the iar3-2
mutation retains some activity. Most intriguing are
reports that IAA-Ala can act as an auxin without being
hydrolyzed to release free IAA in tomato cell culture
(Hangarter et al., 1980); it is possible that hydrolysis-
independent IAA-Ala activity has been uncovered in
the triple hydrolase mutant.

Aside from ILR1, TAR3, and ILL2, the functions of
the remaining Arabidopsis amidohydrolase genes re-
main unknown. ILL3-GUS stains in shoots of seedlings
and leaves and pollen of adult plants. As ILL3 does not
hydrolyze IAA-amino acid conjugates in the in vitro
conditions that have been tested (LeClere et al., 2002),
the function of ILL3 is not known.

In addition to reduced responses to exogenous
conjugates, the ilr1 iar3 ill2 mutant has shorter hypo-
cotyls and fewer lateral roots than wild type on
unsupplemented medium (Fig. 6). These phenotypes
are also seen in some mutants with reduced auxin
responsiveness (Estelle and Somerville, 1987; Hobbie
and Estelle, 1995; Monroe-Augustus et al., 2003) and
suggest that the hydrolysis of endogenous IAA con-
jugates provides seedlings with some of the IAA
necessary for normal hypocotyl growth and lateral
root development. In addition, ilrl iar3 ill2 seedlings
are less sensitive than wild type to the inhibition of
primary root elongation by exogenous IAA (Fig. 6C),
perhaps because the reduced conjugate hydrolysis
activity in the mutant results in a greater capacity to
inactivate applied auxin or because the mutant seed-
lings have lower IAA levels than wild type (Fig. 7A).
These lower IAA levels are likely due to a deficiency in
IAA-conjugate hydrolysis, as evidenced by the IAA-
Ala and IAA-Leu that accumulate in ilrl iar3 ill2
imbibed seeds and seedlings (Fig. 7).

Mechanisms that plants use to regulate the hydro-
lases remain largely unknown. The ILR1, IAR3, and
ILL2 enzymes contain N-terminal signal sequences
and C-terminal endoplasmic reticulum (ER)-retention
signals (Bartel and Fink, 1995; Davies et al., 1999),
suggesting that they may function in the ER and that
conjugates would enter the ER prior to their hydroly-
sis. Proteins that transport conjugates into the ER or
IAA out of the ER remain to be identified. Analysis
of in vitro hydrolase activity has shown that Mn** and
Co*" can enhance hydrolysis (Bartel and Fink, 1995;
Davies et al.,, 1999; LeClere et al., 2002). Moreover,
the genes defective in several IAA-conjugate response
mutants implicate metal homeostasis as important for
in vivo conjugate responsiveness. The ilr2 mutant,
which is defective in an apparently cytoplasmic pro-
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tein, has enhanced ATP-dependent Mn** transport,
suggesting that ILR2 may function as an inhibitor of
a metal transporter (Magidin et al., 2003). The iarl
mutant is defective in a membrane protein (Lasswell
et al., 2000) similar to the ZRT, IRT-like protein family
of metal transporters (Guerinot, 2000), further impli-
cating metal homeostasis in hydrolase activity. As
screens for Arabidopsis mutants with reduced IAA
conjugate sensitivity are not saturated, it is possible
that additional regulatory mechanisms could be un-
covered through this approach.

The ilr1 iar3 ill2 seedling morphological phenotypes
provide evidence for the importance of IAA-conjugate
hydrolysis during early seedling growth. However,
ilrl iar3 ill2 seedlings grow normally except for the
shorter hypocotyl and slightly fewer lateral roots,
indicating that other free IAA sources are available
to germinating seedlings. Indeed, the total amount of
IAA-Ala and IAA-Leu in wild-type seedlings is rela-
tively low (5%—-10%) compared to the level of free IAA
(Fig. 7); thus these conjugates can only be one of
several potential IAA sources during initial seedling
growth. Auxin from the shoot promotes lateral root for-
mation in germinating seedlings (Casimiro et al., 2001;
Bhalerao et al., 2002). Arabidopsis seedlings already
have significant IAA biosynthetic capacity 3 d after
germination (Bhalerao et al., 2002), so de novo bio-
synthesis is likely to supply some of this IAA.
B-Oxidation of IBA in peroxisomes (Zolman et al.,
2000; Bartel et al., 2001) may provide another source.
Indeed, IBA-response mutants that are likely to have
reduced IBA to IAA conversion also show defects in
lateral root production following germination
(Zolman et al., 2001; Zolman and Bartel, 2004). It is
possible that IBA to IAA conversion or induced de
novo synthesis compensates for decreased IAA-
conjugate hydrolysis in the triple hydrolase mutant
and that conjugate hydrolysis or induced synthesis can
compensate for decreased IBA B-oxidation in certain
IBA-response mutants. Hydrolysis of IAA-containing
proteins or other types of high molecular mass IAA
conjugates, which are abundant in Arabidopsis seeds
(Ljung et al., 2002; Walz et al., 2002), might also
contribute to the free IAA pool during germination.
It will be interesting to identify the enzymes control-
ling this hydrolysis. This system of biochemical re-
dundancy is likely to be a safeguard that ensures the
supply of critically important auxin to the plant.
Future efforts to disrupt multiple inputs to the free
IAA pool may allow determination of the relative
importance of the various pathways that regulate
auxin homeostasis.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Plants from the Wassilewskija (Ws) and Col-0 accessions were used. For
phenotypic assays, seeds were surface sterilized (Last and Fink, 1988) and
grown aseptically on plant nutrient medium containing 0.5% (w/v) Suc (PNS;
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Haughn and Somerville, 1986) solidified with 0.6% agar. Plates were sealed
with gas-permeable Leukopor surgical tape (LecTec, Minnetonka, MN). For
hormone-response assays, IAA and IAA-L-amino acid conjugates (Aldrich, St.
Louis) were diluted into medium from 100 mm stocks in ethanol. Plates were
incubated under yellow long-pass filters to slow the breakdown of indolic
compounds (Stasinopoulos and Hangarter, 1990) with constant illumination
(25-45 uE m ™2 s7?%) at 22°C. After 8d, plants were removed from the agar and
hypocotyl and primary root lengths were measured, or after 10 d the number
of lateral roots was counted under a dissecting microscope. Primordia
emerged from the body of the main root were counted as a lateral root. Plants
transferred to soil (Metromix 200, Scotts, Marysville, OH) were grown at 22°C
to 25°C under cool-white fluorescent bulbs (Sylvania, Danvers, MA) with
continuous illumination.

Mutant Isolation

The ilI2-1 allele (in the Ws accession) was isolated from T-DNA lines from
the Arabidopsis Knockout Facility (Madison, WI). Pooled genomic DNA from
the 140,000 kanamycin-resistant T-DNA lines was amplified with the T-DNA
left border (LB) oligonucleotide JL-202 (Krysan et al., 1999) and either an
oligonucleotide 3" of ILL2, 42E9-22 (5'-GTCGTGAAACTTCTCAAGG-
TCTTTGTAA-3') or an oligonucleotide 5’ of ILL2, 42E9-23 (5'-AGTTTC-
TCCCCCATTTATGCTATTTACAG-3’). The resulting PCR products
were separated on a 1% agarose gel and transferred to Nytran membrane
(Midwest Scientific, Valley Park, MO). A 32p_Jabeled probe of the 42E9-22 +
42E9-23 PCR product was used to detect ILL2-specific PCR products by
Southern hybridization (Ausubel et al., 1999). Individual plants were isolated
after additional amplifications of the T-DNA line subpools (Krysan et al.,
1999). Homozygous ill2-1 plants were identified by PCR amplification with
the oligonucleotides JL-202 and 42E9-22. Heterozygous plants were identified
by PCR amplification using the oligonucleotides 42E9-24 (5'-GATATGGATGC-
TTTGCCTATTCAG-3') and 42E9-25 (5'-TCTTTGCTCCACTCAAACCTT-
CCTCAGCTG-3'). The precise site of the insertion was identified by
sequencing the JL-202 + 42E9-22 PCR product following sequential ethanol,
polyethylene glycol, and ethanol precipitations (Ausubel et al., 1999). A
PCR product was also obtained with JL-202 and 42E9-9 (5'-CTCAGTTTGA-
CTTTCCAACTACTCCTTT-3'), an oligonucleotide 5’ of the T-DNA insertion,
and this product was also sequenced. No amplification resulted when
oligonucleotides from the T-DNA right border were paired with oligonu-
cleotides 5’ of the T-DNA insertion site, indicating that a T-DNA rearrange-
ment occurred during insertion, leaving left-border sequence at both 5’ and
3’ ends. Sequencing results showed that the last 6 bp of the second ILL2 exon
and the first 36 bp of the second intron are either missing in ill2-1 or
incorporated into the T-DNA insertion. Homozygous lines of ill2-1 crossed to
ilr1-1 (Bartel and Fink, 1995), iar3-2 (Davies et al., 1999), and ilr1-1 iar3-2, all in
the Ws accession, were identified by PCR analysis in the progeny of the F,
plants. PCR-based identification of the ilr1-1 and iar3-2 alleles was described
previously (Bartel and Fink, 1995; Davies et al., 1999).

Northern Analysis

Total RNA was prepared as described (Nagy et al., 1988) from the
following tissues of the Col-0 accession: mature dry seeds, roots of 14-d-old
plants grown on 3MW gel blot paper (Midwest Scientific) on PNS, above
ground parts of 14-d-old plants grown in soil, and stems, siliques, and flowers
of 29-d-old plants. RNA was analyzed using a NorthernMax kit according to
the recommendations of the manufacturer (Ambion, Austin, TX). Four micro-
grams of total RNA per lane were separated on a 1% agarose gel containing
0.37 M formaldehyde and transferred to Bright-Star Plus nylon membranes
(Ambion).

Antisense RNA probes (Riboprobe in vitro Transcription Systems;
Promega, Madison, WI) were used to detect hydrolase mRNAs. For each
probe, the corresponding cDNA (Bartel and Fink, 1995; Davies et al., 1999)
subcloned into pBluescript KS (+) was linearized by digestion with PstI
(ILL1), SacIl (ILR1 and ILL2), or EcoRI (IAR3). Linearized plasmids were used
as templates to synthesize **P-labeled antisense RNA probes with T3 (ILR1,
ILL2) or T7 (ILL1, IAR3) RNA polymerase. A 255 ribosomal DNA probe
*P-labeled using random 12-mer oligonucleotide primers (Ausubel et al.,
1999) was used to verify that equal amounts of RNA were loaded in each
lane. After prehybridizing in ULTRAhyb Hybridization buffer (Ambion), the
probe was hybridized overnight at 65°C and washed according to the
manufacturer’s instructions.

986

Promoter-GUS Vector Construction

A genomic clone containing the adjacent ILLI and ILL2 genes was isolated
by colony hybridization from an Arabidopsis cosmid library (Olszewski et al.,
1988) using an ILL1 cDNA probe. This clone was digested with various
restriction enzymes, and fragments containing ILLI and ILL2 were identified
via Southern analysis and subcloned into pBluescript. The ends of a 2.1-kb Ncol
fragment containing the ILL1 promoter and a 1-kb Ncol-HindIIl fragment
containing the ILL2 promoter were filled in with T4 DNA polymerase and
ligated into Smal-cut pBI101.3 (Jefferson et al., 1987) to form ILL1-promoter GUS
(ILL1-GUS) or ILL2-promoter GUS (ILL2-GUS) fusions. An 8.7-kb Sacl fragment
containing the ILR1 promoter was mutagenized to contain a Bg/II site with the
oligonucleotide 5'-GATGACAAAGAAGCTCCCAGATCTGAAATCCATTCT
GATTTC-3’ (altered residues underlined) 6 bp after the ILR1 start codon (bold).
The 3.9-kb BglII-Sall promoter fragment was inserted into BamHI-Sall-cut
pBI101 (Jefferson et al., 1987), forming an ILRI-promoter GUS fusion (ILR1-
GUS). To create the IAR3 promoter GUS fusion, a HindIII fragment (1.9 kb)
containing the IAR3 promoter was mutagenized with the oligonucleotide
5'-CAATCAATCGAATCCGAGATCTAGAATGAGTTTCTTCAAATGGG-3’
(altered residues underlined) to form an Xbal site immediately preceding the
start codon (bold). The resulting 1.7-kb HindIII-Xbal fragment was ligated
into HindIII-Xbal-cut pBI101 to make IAR3-GUS. A 2.6-kb HindIII fragment
containing the ILL3 promoter was mutagenized with the oligonucleotide
5'-GAAGAGCTACGATTGAGGAAGGATCCATGTCAAATTTGAAGTC-3'
(altered residues underlined) to contain a BamHI site after the start codon
(bold). The resulting 2.5-kb HindIII-BamHI fragment was ligated into BamHI-
HindlIlI-cut pBI101.2 (Jefferson et al., 1987) to create the ILL3-promoter GUS
fusion (ILL3-GUS). Constructs were sequenced with a primer from the GUS
gene to confirm the correct junctional sequences and electroporated into
Agrobacterium tumefaciens strain GV3101 (Koncz and Schell, 1986), which was
used to transform Col-0 using the floral dip method (Clough and Bent, 1998).
For each construct, at least 12 independent transformants were selected for the
ability to develop on medium containing 12 ug/mL kanamycin. Progeny of
these plants were tested for GUS expression (see below). For JAR3-GUS, 6 of 6
lines tested showed similar staining patterns with variable intensity. For ILR1-
GUS, 4 of 8 lines tested showed detectable staining; these had similar patterns
with variable intensity. For ILL3-GUS, 3 of 6 lines tested showed detectable
staining; these had similar patterns with variable intensity. Expression analyses
were performed using homozygous progeny of kanamycin-resistant trans-
formants showing representative staining patterns.

Examination of Promoter-GUS Expression

For analysis of GUS expression, tissues were harvested into 5-bromo-4-
chloro-3-indolyl B-p-glucuronide cyclohexylamine (X-gluc) buffer containing
100 mm NaPO, pH 7.0, 0.5 mm K;[Fe(CN),], 0.5 mm K,[Fe(CN),];H,O, 10 mm
EDTA, 0.01% Triton X-100, and 0.5 mg/mL X-gluc. For dry seeds, seed coats
were removed with a razor blade under a dissecting microscope before
transfer to X-gluc buffer. For 1-d-old seedlings, seeds were germinated in
water overnight before transfer to X-gluc buffer and seed coats were removed.
For 2- to 9-d-old seedlings, seedlings were grown on PNS and transferred to
X-gluc buffer. For mature plants, seedlings were grown on PNS for 10 d, then
transferred to soil and grown at 22°C under constant illumination. When
plants were 47 d old, parts were harvested into X-gluc buffer. Samples were
incubated in X-gluc buffer at 37°C in the dark. Staining was observed in some
tissues as early as 6 h after immersion in X-gluc buffer, but staining was
allowed to continue for 2 d to allow comparison of samples. Chlorophyll was
removed by sequential incubations in 50% ethanol, 100% ethanol, and 50%
ethanol for several hours at each step. After rehydration, samples were
transferred to 50% glycerol for mounting on glass slides. Samples were
photographed using a Leica FLUO III stereoscope (Wetzlar, Germany) and
Polaroid DMC le Low Light v. 1.5 software (Polaroid, Cambridge, MA). No
GUS staining was observed in similarly treated untransformed plants.

Analysis of IAA and IAA Conjugate Levels

For hormone measurements, five batches of surface sterilized seeds were
imbibed in water in the dark for 48 h at 4°C and for 48 h at 22°C, and then
separately germinated under white light at 22°C on vertically oriented
Murashige and Skoog plates solidified with 0.7% agar and supplemented
with 1% Suc for 4 additional days. Three to five individual samples were
harvested at the seed or seedling stage, and the tissue was homogenized in
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liquid nitrogen. For each sample, 10 to 50 mg tissue was processed as
previously described for free IAA (Ljung et al., 2001) or for IAA conjugates
(Kowalczyk and Sandberg, 2001).

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third-party owners of all or parts
of the material. Obtaining any permissions will be the responsibility of the
requestor.
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