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In a screen for enhancers of tirl-1 auxin resistance, we identified two novel alleles of the putative mitochondrial pyruvate
dehydrogenase Ela-subunit, IAA-Alanine Resistant4 (IAR4). In addition to enhancing the auxin response defects of tirl-1, iar4
single mutants exhibit numerous auxin-related phenotypes including auxin-resistant root growth and reduced lateral root
development, as well as defects in primary root growth, root hair initiation, and root hair elongation. Remarkably, all of these
iar4 mutant phenotypes were rescued when endogenous indole-3-acetic acid (IAA) levels were increased by growth at high
temperature or overexpression of the YUCCA1 IAA biosynthetic enzyme, suggesting that iar4 mutations may alter IAA
homeostasis rather than auxin response. Consistent with this possibility, iar4 mutants exhibit increased Aux/IAA stability
compared to wild type under basal conditions, but not in response to an auxin treatment. Measurements of free IAA levels
detected no significant difference between iar4-3 and wild-type controls. However, we consistently observed significantly
higher levels of IAA-amino acid conjugates in the iar4-3 mutant. Furthermore, using stable isotope-labeled IAA precursors, we
observed a significant increase in the relative utilization of the Trp-independent IAA biosynthetic pathway in iar4-3. We

therefore suggest that the auxin phenotypes of iar4 mutants are the result of altered IAA homeostasis.

Auxin regulates numerous aspects of plant devel-
opment and physiology, including embryogenesis,
vascular differentiation, organogenesis, tropic growth,
and root and shoot architecture. In a simplified view,
auxin biology can be broken down into three general
areas: indole-3-acetic acid (IAA) biosynthesis and me-
tabolism, the cell-to-cell transport of IAA, and the
SCF™®mediated signaling events leading to an auxin
response. Despite several recent advances, perhaps the
least understood of these three areas is auxin biosyn-
thesis and metabolism. Several redundant biosyn-
thetic routes seem to coexist and ultimately result in
the synthesis of the major biologically active auxin
in plants, IAA (Woodward and Bartel, 2005). These
pathways differ in their dependence upon the IAA
precursor Trp and can therefore be distinguished as
Trp-dependent and Trp-independent pathways (Cohen
et al., 2003). IAA metabolism, namely the biology of its
conjugates, is regulated by IAA-conjugating and IAA-
hydrolyzing enzymes that either conjugate free IAA to
sugars, amino acids, and proteins or release it from
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these compounds back into the biologically active free
IAA pool (Ljung et al., 2002; Walz et al., 2002).

Once synthesized, a complex system of auxin influx
and efflux carriers (Kramer and Bennett, 2006) trans-
ports the hormone to its target cells where it is per-
ceived by the nuclear-localized TIR1/auxin F-box
(AFB) family of receptors, triggering the SCET™!/AFE.
mediated ubiquitylation of Aux/IAA proteins (Gray
et al., 2001; Dharmasiri et al., 2005). Subsequent deg-
radation of these transcriptional repressors results in
changes in auxin-regulated gene expression and cor-
responding changes in plant growth and development
(Quint and Gray, 2006).

Thus, a proper auxin response is dependent upon
adequate levels of free IAA, and the delivery of that
IAA to the responding cells. While considerable pro-
gress on how the separate processes of IAA metabo-
lism, transport, and signaling has been achieved in
recent years, the integration of these pathways is only
beginning to be understood. The auxin induction of
the expression of several IAA-conjugating enzymes
encoded by GH3 genes (Staswick et al., 2005), as well
as the repression of IAA biosynthetic enzymes (Goddijn
et al., 1992) are examples of feedback regulation of the
response pathway on IAA metabolism. Likewise, auxin
has been shown to regulate the abundance and polar-
ity of members of the PIN family of auxin efflux
proteins, indicating connections between the signaling
and transport pathways (Paciorek et al., 2005; Abas
et al., 2006; Sauer et al., 2006).

LeClere et al. (2004) and colleagues identified mu-
tations in the Arabidopsis (Arabidopsis thaliana) IAA-
Alanine Resistant4 (IAR4) gene in a mutant screen for
seedlings resistant to IAA-Ala and other IAA-amino
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acid conjugates. IJAR4 encodes a putative mitochon-
drial Ela pyruvate dehydrogenase subunit; however,
its role in the auxin pathway is unclear. LeClere et al.
(2004) speculated that IAR4 may be involved in IAA
metabolism, perhaps by catalyzing the conversion of
indole-3-pyruvate (IPA) to IAA-CoA. However, no
further studies examining this or other potential roles
for IAR4 in auxin metabolism have been reported. We
identified two additional IAR4 alleles in a screen for
mutations that enhance the weak auxin response de-
fect conferred by the Arabidopsis tirl-1 mutation. We
find that while iar4 mutants exhibit several pheno-
types consistent with reduced auxin response, these
phenotypes can be suppressed by increasing endoge-
nous IAA levels. Here we report our efforts to under-
stand the role of IAR4 in the auxin pathway and
demonstrate that iar4 mutants exhibit defects in IAA
homeostasis rather than auxin signal transduction per
se. Specifically, we find that iar4 mutants accumulate
IAA-amino acid conjugates and exhibit altered IAA
biosynthesis pathway utilization.

RESULTS
Identification of the eta5 Mutation

With the aim of identifying additional components
of the SCF"™!-mediated auxin response pathway, we
have previously performed a genetic screen to isolate
enhancers of tirl-1 auxin (eta) resistance. This screen
identified mutations in several loci that are directly
involved in the regulation of the SCF™! complex,
including ETA1/CUL1 (Quint et al., 2005), ETA2/
CAND1 (Chuang et al., 2004), ETA3/SGT1b (Gray
et al, 2003), and ETA6/CSN1/FUS6 (Zhang et al.,
2008). We also identified two recessive, allelic muta-

m

IAR4 Regulates Auxin Homeostasis

tions, designated eta5-1 and eta5-2. Analysis of the F2
progeny from Columbia (Col) backcrosses revealed
that etab single mutants were resistant to low concen-
trations of exogenous auxins (Fig. 1A). Also consistent
with reduced auxin response, eta5 seedlings devel-
oped fewer lateral roots than the wild type on unsup-
plemented nutrient medium (Fig. 1B). As expected,
both defects were exacerbated in the eta5, tirl-1 double
mutants. While adult etab mutants look similar to
wild-type plants, the mutant seedlings exhibit several
root growth defects. In addition to reduced lateral
root development, etab primary roots are shorter than
wild type (Fig. 1C) and develop both fewer and shorter
root hairs (Fig. 1, D-F). Auxin is known to control
both root hair initiation and elongation (Masucci and
Schiefelbein, 1996).

ETAS5 Is Allelic to IAR4

A map-based cloning approach was used to isolate
the ETA5 gene. Linkage studies placed the efa5 muta-
tions within an approximately 117-kb interval on
chromosome 1. Among the genes in this region was
IAR4 (AT1G24180), encoding a putative mitochondrial
pyruvate dehydrogenase Ela-subunit. The pyruvate
dehydrogenase complex (PDC) catalyzes the oxidative
decarboxylation of pyruvate and the subsequent acet-
ylation of coenzyme A to acetyl-CoA (Mooney et al.,
2002). The E1 component of the PDC catalyzes the first
step of this process. In mitochondria, this reaction
represents the irreversible commitment of carbon to
the tricitric acid cycle. Thus, IAR4 presumably encodes
a subunit of an important metabolic enzyme. Muta-
tions in IAR4 were recently identified in a screen for
mutants resistant to IAA-Ala conjugates (LeClere
et al., 2004). We therefore sequenced the IAR4 locus
in both of our etab mutants. eta5-1 possesses a non-

Figure 1. eta5 mutants exhibit defects

C

etas-1
Col eta

- Col 1 T
@ firf-1
—*— eta5-1

100+

~
w
|

—tp—

—t—ela5-2

—o—  tirt-1
eta5-2 1

wn
o
T
g
N
Lateral roots/cm

% root growth inhibition J>»
%]
i

A
o .
s} '.&’\

2,4-D [uM]

ccr NNV

m
m

etas-1 | . N :

etas-2

# of root hairs/cm

size bar = Tmm

Plant Physiol. Vol. 150, 2009

A
R
e

Mean root hair length (um)

in auxin-regulated pathways. A, Inhi-
bition of root elongation by increasing
concentrations of the synthetic auxin
2,4-D. Five-day-old seedlings grown
on ATS were transferred to medium
containing 2,4-D and grown three ad-
ditional days (n = 10). B, Lateral root
initiation was assessed in 10-d-old
seedlings grown on unsupplemented
N ATS nutrient medium. C, Six-day-old
seedlings grown on unsupplemented
ATS medium. D, Root hairs in the
maturation zone of 6-d-old seedlings.

400

300

200+

100

=]

E, Number of root hairs per centimeter
for 6-d-old seedlings in the maturation
zone of the primary root (n = 25). F,
Length of root hairs of 6-d-old seed-
lings in the maturation zone of the
primary root (n = 100). All assays were
conducted at 20°C. Error bars indicate
sb from the mean.

Col etas-1

749



Quint et al.

sense mutation near the end of the first exon (G*A),
while eta5-2 contains a single base-pair change at the
extreme 3’ end of the fifth intron (G*7®A; Fig. 2A).
Further confirmation that the efa5 mutations are allelic
with IAR4 was obtained by complementation tests
with the previously described iar4-2 T-DNA allele
(LeClere et al., 2004; data not shown). We therefore
renamed the efa5-1 and efa5-2 mutants as iar4-3 and
iar4-4, respectively. Like the previously described iar4
alleles, iar4-3 and iar4-4 exhibit resistance to IAA-Ala
in root growth assays (data not shown).

To examine IAR4 expression patterns, we generated
transgenic plants expressing an IAR4 promoter-GUS
reporter construct. In agreement with publicly avail-
able microarray datasets, we find that IAR4 is ex-
pressed throughout the plant. Consistent with the
observed root phenotypes, IAR4 is strongly expressed
in roots, with highest expression detected at the root
tip (Fig. 2B). Auxin treatment did not appear to affect
the level or pattern of expression (data not shown).
The predicted role of IAR4 as a PDC Ela-subunit and
putative mitochondrial targeting sequence suggested
that IAR4 is a mitochondrial protein. To test this
possibility, we fused GFP to the C terminus of the
IAR4 coding sequence and expressed this fusion
protein from the IAR4 promoter. Like the P .,GUS

Figure 2. eta5-1 and eta5-2 are novel alleles
of IAR4. A, Exon-intron structure of IAR4. B,
IAR4pro:GUS expression in 6-d-old seedlings, :

reporter, IAR4:GFP was expressed most strongly in
roots. GFP fluorescence colocalized with a mitochon-
drial stain, confirming the predicted cellular compart-
mentalization (Fig. 2C). No nuclear localization, as it
would be expected for a function in auxin signaling,
could be detected.

IAR4 Exhibits Partial Redundancy with the Closely
Related IAR4L Gene

The Arabidopsis genome encodes three apparent
PDC Ela-subunits. The previously characterized PDC
Ela-subunit encoded by Atlg01090 carries a plastidic
signature and is 32% identical to IAR4 on the amino
acid level (Johnston et al., 1997). IAR4 and the pre-
viously described At1g59900 (designated here as
IAR4-LIKE [IAR4L]) proteins display a mitochondrial
targeting sequence and are 81% identical (Luethy
et al.,, 1995). LeClere et al. (2004) examined iar4
mutants for phenotypes consistent with respiratory
pathway defects, but found no differences from wild
type on media containing various concentrations of
Suc, citrate, or ethanol. These findings could be the
result of functional redundancy between IAR4 and
IAR4L; however, it also raises the possibility that JAR4
has evolved an auxin-specific function. LeClere et al.
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(2004) reported that the iar4L-1 T-DNA (SALK_074384)
mutant displayed wild-type sensitivity to IAA-Ala
and other auxins. In agreement with these findings we
could not detect any auxin-related defects in iar4L-1
seedlings such as we observe with iar4 mutants (data
not shown).

To examine the possibility that IAR4 and IAR4L
functionally overlap, we crossed iar4-3 with iar4L. No
double mutant progeny were recovered in the F2
generation, suggesting embryo and/or gametophyte
lethality. Furthermore, when iar4-3 homozygous F2
plants were PCR genotyped for IAR4L, we found that
none of these plants (0/28) carried the iar4L-1 T-DNA
allele. In contrast, we did identify iar4L-1 homozygotes
that were heterozygous for iar4-3; however, no iar4-3
homozygotes were detected in the F3 progeny of these
plants. We examined the embryos in the siliques of
the iar4L-1/iar4L-1 iar4-3/+ plants, but observed no
aborted embryos, suggesting that the double mutant
may be gametophyte lethal.

In the F2 populations of our backcrosses of iar4-3 to
Col we consistently observed a modest but significant
deviation from a 3:1 segregation ratio (Table I), sug-
gesting reduced transmission of iar4-3 gametes. This
reduction in the recovery of iar4-3 homozygotes
was dramatically more severe in the F2 populations of
iar4-3 X iar4L-1 (Table I). To investigate the basis of the
reduced transmission of iar4-3, we conducted recip-
rocal crosses with IAR4 /iar4-3 heterozygous plants. A
significant reduction in transmission through the pol-
len was detected (Table I). We therefore considered the
possibility that our failure to recover iar4l-1 iar4-3
double mutants might be the result of iar4L enhancing
the reduced pollen transmission phenotype of iar4-3.
When iar4L-1/iar4L-1 iar4-3/+ plants were recipro-
cally crossed with Col, we observed a complete lack of
transmission of iar4-3 through pollen. In contrast,
transmission rates through the female gametes were
normal (Table I). To elucidate why iar4L-1 iar4-3 pollen
was not transmitted, we used Alexander’s stain to
determine whether or not the pollen was viable. While
pollen obtained from Col, iar4-3, and iar4L-1 flowers
were virtually 100% viable, only approximately 50%
(385/788) of the pollen from iar4L-1/iar4L-1 iar4-3/+
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plants was viable (Fig. 3A), indicating that iar4L-1 iar4-3
is pollen lethal.

While our finding that iar4L-1 iar4-3 pollen is invi-
able explained our inability to recover double mutant
plants, it could not account for our failure to isolate
iar4L-1/+, iar4-3/iar4-3 plants in the F2 progeny of the
cross between the two single mutants. We therefore
considered the possibility that this genotype confers
an embryo-lethal phenotype. To test this possibility, we
used iar4-3 pollen to fertilize iar4L-1/iar4L-1, iar4-3/+
flowers. The resulting progeny should either be het-
erozygous for both genes or homozygous for iar4-3
and heterozygous for iar4L-1. However, none of the
progeny exhibited the iar4-3 mutant phenotype. We
then repeated this cross and examined the developing
F1 embryos within the siliques. When examined 6 d
after pollination, nearly all of the embryos from IAR4-
pollinated flowers were at the heart stage. In contrast,
when iar4-3 was used as the pollen donor, two distinct
classes of embryos were observed with equal frequency:
heart stage embryos similar to the JAR4 control, and
small globular embryos (Fig. 3B). When examined at
later stages of development, the globular embryos had
failed to progress, indicating a developmental arrest
(Fig. 3C). Consistent with this possibility, approxi-
mately half of the seeds obtained from the iar4-3 crosses
were shriveled and failed to germinate (Fig. 3D). Thus,
in addition to an essential role in pollen development,
IAR4 is also essential for embryogenesis in plants with
reduced dosage of IAR4L.

iar4 Specifically Affects Basal Aux/IAA Protein Stability

To further characterize the auxin response of iar4
mutants, SCF'"' activity was examined by intro-
ducing the HS::AXR3NT-GUS reporter construct to
examine Aux/IAA protein stability (Gray et al., 2001).
Wild-type and iar4-3 seedlings containing the reporter
were heat shocked to induce expression of the trans-
gene, incubated at room temperature in the absence
or presence of exogenous auxin, and subsequently
stained for GUS expression. To examine the basal level
of the AXR3NT-GUS fusion protein, the seedlings
were GUS stained immediately after the heat-shock

Table 1. Inheritance of iar4-3 in IAR4L and iar4l-

1 backgrounds

2,4-D 2,4-D
Sensitive Resistant fValue
Col X iar4-3; F2 242 60 4.24* (3:1)
iar4-3 X iar4l-1; F2 238 28 29.7% (3:1)
IAR4/iar 4-3 Q@ X iar4-3 3; F1 64 68 0.12 (1:1)
iar4-3 @ X IAR4/iar4-3 3; F1 191 131 11.2% (1:1)
iar4l-1/iar4L-1 IAR4/iar4-3 @ X Col & 18 22b 0.4 (1:1)
Col @ X jar4l-1/iar4L-1 IAR4/iar4-3 3 44 o° 44 (1:1)

*Significant deviation from expected using a 5% critical value.

Pjar4-3 transmission was assessed by

the appearance of 2,4-D-resistant F2 segregants. Numbers correspond to the number of F1 plants that

segregated iar4-3/iar4-3 2,4-D-resistant progeny.
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Figure 3. Genetic interactions between I/AR4 and A

IAR4L. A, Alexander’s staining of pollen viability.

B and C, Visualization of the two classes of iardl
embryos obtained in crosses between iardl/
iar4L IAR4/iar4-3 and iar4-3. Embryos were ex-
amined at 6 and 14 d after pollination (d.a.p.). D,
Underdeveloped seeds are present in the siliques
obtained from crosses between iar4l/iar4L IAR4/
iar4-3 and iar4-3 plants.
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period. Surprisingly, iar4-3 seedlings exhibited dra-
matically higher levels of AXR3NT-GUS staining (Fig.
4A). To better assess decay rates of the reporter pro-
tein, different staining times for GUS activity were
subsequently used for wild-type and mutant seedlings
such that staining intensities at time zero were equiv-
alent. In the absence of exogenous auxin, iar4-3 seed-
lings exhibited an obvious increase in AXR3NT-GUS
stability, suggesting that SCF™™! activity is impaired
(Fig. 4B). Surprisingly however, when the assay was
performed in auxin-supplemented medium, wild-type
and iar4-3 seedlings exhibited comparable AXR3NT-
GUS degradation kinetics (Fig. 4C).

The finding that the AXR3NT-GUS reporter re-
sponded normally to applied auxin in iar4-3 seedlings
raised the possibility that the differences we observed
on unsupplemented medium may be due to a reduc-
tion in endogenous IAA levels rather than diminished
SCF™! function. To begin to address this possibility,
wild-type and iar4-3 seedlings containing the HS:
AXR3BNT-GUS reporter were grown at 28°C—a growth
condition previously shown to increase endogenous
IAA levels (Gray et al., 1998). When shifted to 28°C 2 d
prior to staining, iar4-3 seedlings exhibited no differ-
ence from wild-type controls for AXR3NT-GUS ex-
pression (Fig. 4D). Auxin-induced gene expression
involves the auxin-dependent SCF"®'-mediated ubiqui-
tination of Aux/IAA proteins, resulting in derepres-
sion of auxin response factor transcription factors
(Quint and Gray, 2006). Our findings with the HS:
AXR3NT-GUS reporter suggested that Aux/IAA pro-
teins are stabilized in iar4-3 seedlings grown at 20°C on
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unsupplemented medium. However, both exogenous
auxin and increasing endogenous IAA levels by
growth at high temperature restored AXR3NT-GUS
levels to that seen in wild-type controls. These results
are consistent with the possibility that SCF"™® activity
per se is not affected in iar4-3, but rather that auxin
levels are diminished in this mutant, resulting in
less-efficient targeting of the AXR3NT-GUS fusion
protein to the SCF"™! complex. To explore this possi-
bility further, we examined the effect of iar4 mutations
on auxin-induced gene expression using the DR5::GUS
reporter construct. When grown at 20°C, iar4-3 seedlings
exhibit a dramatic decrease in DR5::GUS expression in
root tips of 6-d-old seedlings (Fig. 4E). However, when
grown at 28°C, DR5:GUS expression in iar4-3 was
largely restored to wild-type levels (Fig. 4F).

Rescuing iar4-3 Defects by Increasing Endogenous
IAA Levels

The finding that high-temperature growth sup-
presses the defects in both DR5::GUS expression and
AXR3NT-GUS degradation of iar4-3 mutants led us to
test whether other aspects of the mutant phenotype
could be suppressed by increasing endogenous IAA
levels. Growth at high temperature completely res-
cued the iar4-3 defects in 2,4-dichlorophenoxyacetic
acid (2,4-D) response, lateral root development, and
root hair initiation, and partially rescued the root hair
elongation and root growth phenotypes (Fig. 5, A-C).
Likewise, incubation at high temperature also sup-
pressed iar4-4 as well as the iar4-2 T-DNA allele (Fig.
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Figure 4. iar4-3 plants exhibit Aux/IAA stabilization only under basal conditions. A, Col and iar4-3 seedlings carrying the HS::
AXR3NT-GUS transgene were grown for 6 d at 20°C and subsequently heat shocked for 2 h to induce expression of the
AXR3NT-GUS fusion protein. Seedlings were briefly (50 min) stained for GUS activity immediately after the heat-shock (HS)
period. B, Col and iar4-3 seedlings carrying the HS::AXR3NT-GUS transgene were grown for 6 d at 20°C, heat shocked to induce
expression of the transgene, and stained for GUS activity immediately, or following a 20-, 40-, or 60-min incubation at room
temperature in ATS medium. C, Following a 2-, 5-, or 12-min incubation in ATS medium containing 50 um 1-naphthaleneacetic
acid. Seedlings in A were stained for 50 min. To account for the difference in AXR3NT-GUS levels and obtain a similar staining
baseline for the degradation assay, Col and iar4-3 seedlings were stained for different lengths of time in B and C. See “Materials
and Methods” for details. D, Col and iar4-3 seedlings carrying the HS::AXR3NT-GUS transgene were shifted to 28°C for 2 d and
then heat shocked for 2 h to induce expression of the AXR3NT-GUS fusion protein. Seedlings were stained 8 h for GUS activity
immediately after the heat-shock period. E, DR5::GUS expression of 6-d-old seedlings grown at 20°C on ATS medium. F, DR5::
GUS expression of 6-d-old seedlings that were shifted to 28°C for 3 d prior to staining. Equivalent staining times were used for the
seedlings shown in E and F.

5C; data not shown), indicating that suppression was hypocotyl phenotype, while 355::iaaL. seedlings, which
not allele specific. To test the possibility that the ef- contain reduced free IAA content, have shorter hypo-
fects of temperature on the iar4-3 phenotypes were cotyls than wild type (Gray et al., 1998). Consistent
due to something other than elevated IAA levels, with the possibility that iar4 seedlings are IAA deficient,
we introduced the 355::YUCCA transgene into iar4-3 iar4-3 seedlings have significantly shorter hypocotyls
plants. YUCCA catalyzes a rate-limiting step in the than wild type (Fig. 6A). Again, high temperature and
Trp-dependent IAA biosynthetic pathway, and the the 355:YUC transgene completely suppressed this
activation-tagged 355::YUC transgene confers a signif- defect (Fig. 6, A and B).

icant increase in endogenous IAA levels compared to Measurement of free IAA levels in whole seedlings,
wild type (Zhao et al.,, 2001). Like the high-tempera- as well as root and shoot tissues separately, failed to
ture studies, the 355:YUC transgene completely or detect a significant difference between wild type and
partially rescued the iar4-3 mutant phenotypes (Fig. 5, iar4-3 (Fig. 6C). To further examine possible effects of

A-C). the iar4-3 mutation on IAA biosynthesis, we compared
the utilization of Trp and Trp-independent IAA bio-
Mutations in JAR4 Affect Auxin Biosynthesis synthetic pathways. Wild-type and iard-3 seedlings

were fed the stable isotope-labeled IAA precursors

d Metaboli
and Metabolism [°Nlanthranilic acid and [*H]Trp, and the relative

A simple explanation for the above results is that incorporation of these precursors into the free JAA
iar4 mutations confer a reduction in free JAA levels. pool was determined. In current IAA biosynthesis
IAA is known to regulate seedling hypocotyl length. models, anthranilic acid is believed to be upstream
Auxin overproducers such as 355:YUC (Zhao et al,, and Trp downstream of the divergence point of the

2001) and sur2-1 (Delarue et al., 1998) exhibit a long Trp-dependent and Trp-independent pathways (Fig.
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Figure 5. Increasing endogenous
auxin levels rescues the defects in
iar4-3. A, Five-day-old seedlings grown
on ATS medium at indicated tempera-
ture were transferred to medium con-
taining 0.05 um 2,4-D and grown three
additional days (n = 10). White lines
indicate positions of the root tip at the
time of transfer. B, Lateral root initiation
was assessed in 10-d-old seedlings
grown on unsupplemented ATS nutri-
ent medium at indicated temperature
(n=10). C, Number of root hairs per cm
(n = 25) and root hair length (n = 100)
for 6-d-old seedlings in the maturation
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6D). The ratio of the two isotopes within the free IAA
pool therefore allows the relative utilization of each
pathway to be assessed (Rapparini et al., 2002). Com-
pared to wild-type 10-d-old seedlings, the iar4-3 mu-
tant exhibited a significant increase in the utilization of
the Trp-independent pathway (Fig. 6E), demonstrat-
ing that the iar4-3 mutation does alter IAA biosyn-
thesis.

Lastly, we also examined IAA conjugate levels in
iar4-3 mutant seedlings. Two distinct classes of IAA
conjugates have been described in a variety of plant
species. Ester conjugates, where the carboxyl group of
IAA is linked to sugars or cyclic poly-ols like Glc and
inositol, and amide conjugates with amino acids or
polypeptides (Ljung et al., 2002). Measurement of IAA
conjugate levels in wild-type and the iar4-3 mutant
revealed no differences in IAA-ester or IAA-protein
conjugates (data not shown). However, iar4-3 seed-
lings exhibited an approximately 2-fold increase in
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IAA-amino acid conjugate abundance (Fig. 6F). To
examine the effects of iar4-3 on specific IAA-amino
acid conjugates, we examined levels of IAA-Asp and
IAA-Glu. We detected a significant increase in IAA-
Glu, but not IAA-Asp levels in iar4-3 seedlings,
suggesting some specificity in the role of IAR4 in the
regulation of IAA conjugates (Fig. 6G).

DISCUSSION

In the past 20 years, several mutants exhibiting
altered auxin sensitivity have been described, most
of which affect the SCF"™®!/A™ gjgnal transduction
pathway (Quint and Gray, 2006). In a genetic screen to
identify additional factors involved in auxin signal-
ing in Arabidopsis, we identified two novel alleles of
IAR4, which encodes a putative Ela-subunit of the
mitochondrial PDC. While iar4 mutants exhibit several
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Figure 6. Pattern of IAA biosynthesis and metabolism. A, Hypocotyl length of 7-d-old seedlings grown at 20°C on ATS medium
(n=10). Asterisk indicates significant difference from Col control (P < 0.05). B, Hypocotyl length of 7-d-old seedlings grown at
28°C on ATS medium (n = 10). C, Free IAA levels of 10-d-old seedlings grown at 20°C on ATS medium (n = 4). D, Trp-dependent
(TD) and Trp-independent (Tl) IAA biosynthesis pathways. E, Incorporation of stable-isotope labeled IAA precursors
["*Nlanthranilate and [*H;]Trp into the free IAA pool. Seedlings were grown for 10 d on ATS plates at 20°C prior to adding
the labeled feeding solution for 24 h (n = 4). F, IAA-amino acid conjugates of 10-d-old seedlings grown on ATS medium at 20°C
(n=4). G, IAA-Asp and IAA-Glu conjugate levels in 10-d-old seedlings (n = 3). Error bars indicate sb from the mean.

phenotypes consistent with diminished auxin re-
sponse phenotypes, including reduced lateral root
development, short hypocotyls, and diminished root
hair initiation and elongation, our findings suggest
that JAR4 functions in auxin homeostasis rather than
auxin signaling.

We find that nearly all iar4 mutant phenotypes can
be completely or partially suppressed by elevating endo-
genous auxin levels through either high-temperature
growth or introduction of the 355::YUCCA transgene.
These findings suggest that iar4 phenotypes are the
result of auxin deficiency. In response to auxin, the
SCF"RV/AFB ybiquitin ligases target Aux/IAA proteins
for ubiquitin-mediated proteolysis, thus derepressing
the expression of auxin-regulated genes. Our studies
with the HS:: AXR3NT-GUS reporter indicate that mu-
tation of iar4 leads to increased Aux/IAA stability
when only endogenous auxin is present. Like the iar4
growth phenotypes, however, this defect is suppressed
by high-temperature growth or by supplementing
the media with exogenous auxin. This behavior is
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consistent with the notion that SCFT™ /A activity per
se is unaffected in iar4 mutants, and that the increased
AXR3NT-GUS stability we observe with unsupple-
mented iar4 seedlings is the result of diminished en-
dogenous IAA levels, resulting in reduced targeting
of Aux/IAA proteins to the SCF™®/AF8 complex.
While the above findings suggest that iar4 mutants
suffer from IAA deficiency, we were unable to detect a
significant reduction in free IAA content at the whole
seedling level or within isolated roots and shoots. It
remains possible, however, that iar4 mutants contain
reduced free JAA content in specific organs or cell
types that were not detected at the gross anatomical
level employed in our analysis. Despite our inability to
detect a reduction in free IAA content, we did observe
multiple changes in auxin homeostasis in iar4 mutants.
The vast majority of the IAA in plants is present in a
variety of conjugated forms. Enzymes capable of hy-
drolyzing many of these conjugates are known to exist,
suggesting that these forms function to provide a
readily accessible and easily regulated source of free
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IAA without de novo synthesis. Our analysis of IAA
conjugates detected a significant increase in amide-
linked TAA-amino acid conjugates in iar4-3 compared
to the wild type. This finding contradicts the hypoth-
esis of LeClere et al. (2004), who speculated that the
increased resistance of iar4-1 seedlings to IAA-Ala
may be due to decreased levels of IAA-amino acid
conjugates. Rather, the resistance of iar4 mutants to
JIAA-amino acid conjugates may be the result of a
reduced ability to hydrolyze conjugates, which could
account for the elevated levels of IAA conjugates in
iar4 plants as well as IAA deficiency in certain tissues,
as suggested by several of our findings. Consistent
with this possibility, we find that while high temper-
ature can suppress the slow root growth, auxin resis-
tance, lateral root, and root hair phenotypes of iar4-3, it
does not suppress the mutant’s resistance to IAA-Ala
(M. Quint and W.M. Gray, unpublished data; figure 3
in LeClere et al., 2004). Furthermore, we found that
IAA-Glu, but not IAA-Asp, conjugates were elevated
in iar4-3 seedlings. Unlike IAA-Glu, IAA-Asp has been
shown to be rapidly oxidized to OxIAA-Asp (Ostin
et al.,, 1998), suggesting that IAA-Asp is primarily a
component of the IAA catabolic pathway (Tsurumi
and Wada, 1986; Tuominen et al., 1994), while IAA-Glu
may be stored for later use. The potential hydrolysis of
IAA from IAA-Glu is further suggested by the finding
that IAA-Glu inhibits Arabidopsis root growth
whereas IAA-Asp does not (LeClere et al., 2002).

We also detected increased usage of the Trp-
independent IAA biosynthesis pathway in iar4 seed-
lings. LeClere et al. (2004) speculated that IAR4 may
catalyze the conversion of IPA to indole-3-acetyl-CoA.
IPA is an intermediate in the synthesis of IAA from Trp
in several plant-associated microbes. IPA is present in
Arabidopsis (Tam et al., 2000) and significantly con-
tributes to the IAA pool (Stepanova et al., 2008; Tao
et al., 2008). However, our feeding experiments failed
to detect a significant difference between iar4 and
control seedlings in the synthesis of IAA from stable
isotope-labeled Trp, suggesting that IAR4 does not
function in the Trp-dependent IAA biosynthetic path-
way. Rather, we detected a significant increase in the
utilization of the Trp-independent IAA biosynthetic
pathway in iar4 seedlings. Whether this reflects a
direct role for IAR4 in this pathway or represents an
attempt to compensate for a possible auxin deficiency
is uncertain.

IAR4 encodes a putative Ela-subunit of mitochon-
drial pyruvate dehydrogenase. Our localization stud-
ies with IAR4-GFP plants, together with a previous
proteomic study of the mitochondrial proteome (Millar
et al., 2001) demonstrate that IAR4 is indeed a mito-
chondrial protein. The presence of two putative mito-
chondrial Ela-subunits (IAR4 and IAR4L /AT1G59900)
in Arabidopsis raised the possibility that IAR4 may
not function as a typical PDC subunit but instead has
evolved a novel activity required for maintaining
auxin homeostasis. This possibility is supported by
the absence of any obvious distortions in downstream
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tricitric acid cycle metabolite levels and responses in
iar4-1 mutants, as well as the absence of auxin pheno-
types in the iar4L single mutant (LeClere et al., 2004).
However, our genetic studies strongly support the
possibility that these two genes exhibit overlapping
function, as at least one of these genes must be present
for both pollen and embryo viability. Our finding that
iar4L iar4 pollen is inviable is in agreement with a
previous report that antisense expression of a sugar
beet (Beta vulgaris) Ela-subunit in tobacco (Nicotiana
tabacum) anther tapetum results in male sterility (Yui
et al., 2003). Consistent with a high demand for mito-
chondrial acetyl-CoA during pollen development, both
the number of mitochondria per cell and respiration
rates increase significantly during pollen development
(Warmke and Lee, 1977; Tadege and Kuhlemeier,
1997). The simplest explanation for the pollen and
embryo lethality of iar4L iar4 double mutants is the
presumptive lack of mitochondrial PDC activity.
However, this does not preclude the possibility that
IAR4 might moonlight as an enzyme involved in
some aspect of auxin homeostasis, as previous studies
have found that duplications of a variety of genes
encoding core metabolic enzymes have led to the
evolution of novel enzyme functions (Conant and
Wolfe, 2008).

Our understanding of IAA biosynthesis, conjuga-
tion, and degradation is far from complete. Precisely
how a PDC or PDC-like enzyme might function in
auxin homeostasis is unclear. However, our findings
that iar4 mutant phenotypes can be suppressed by
increasing endogenous auxin levels together with the
changes we observe in IAA conjugate levels and
biosynthetic pathway utilization strongly suggest
that IAR4 plays an important role in maintaining
proper auxin homeostasis. Future studies aimed at
elucidating precisely how IAR4 fits into the IAA
network may reveal important insight into the control
of auxin metabolism as well as potential links to
glycolysis.

MATERIALS AND METHODS
Plant Material and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) lines employed in this study are in
the Col ecotype. Seedlings were grown under sterile conditions on ATS
nutrient medium (Lincoln et al., 1990) under long-day lighting conditions.
Conditions for the mutagenesis and screen for efa mutants have been previ-
ously described (Gray et al., 2003).

Map-Based Isolation of the ETA5/IAR4 Gene

A total of 300 auxin-resistant F2 seedlings from a cross between eta5-2/iar4-4
and Landsberg erecta (Ler) were used to map the eta5-2/iar4-4 mutation using
simple sequence length polymorphic markers. We initially mapped the
eta5-2/iar4-4 mutation to an interval between markers F21M12 (3.2 Mb) and
nga392 (9.8 Mb) (http://www.arabidopsis.org). Markers defining our final
mapping interval of approximately 117 kb were CER452019 (5'-CTCTATT-
TAACTTAGCAGTC-3' and 5'-CCTGAAGTCAGCATCAGCTC-3'), which
amplifies 201- and 182-bp fragments from Col and Ler, respectively; and
CER459522 (5'-CTGTAGACCAGATACAACTTC-3' and 5'-TCATGAGTA-
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GATATCTAACC-3"), which amplifies 97- and 89-bp products from Col and
Ler, respectively. These and additional markers are available upon request.

Glucuronidase Histochemical Staining

For promotor-GUS studies, a 3.1-kb fragment containing genomic se-
quence from 1,149-bp upstream of the IAR4 locus through the third IAR4 exon
1,960-bp downstream of the ATG start codon was cloned in frame with the
GUS coding sequence of pBI101.2 (CLONTECH). Plants were stably trans-
formed using Agrobacterium tumefaciens-mediated transformation using stan-
dard protocols. Transgenic lines were selected on ATS medium containing 50
mg/L kanamycin. T3 seedlings were stained for GUS activity as previously
described (Stomp, 1991).

The HS::AXR3NT-GUS transgene (Gray et al., 2001) was crossed into the
iar4-3 mutant. Six-day-old Col and iar4-3 seedlings homozygous for the
reporter construct were heat shocked for 2 h at 37°C to induce expression of
the transgene. Seedlings were then stained immediately or transferred to 20°C
medium for the indicated time period and stained for GUS activity (Stomp,
1991). 1-Naphthaleneacetic acid (50 um) was added during the 20°C incuba-
tion where indicated. To account for the difference in steady-state levels of the
AXR3BNT-GUS protein as shown in Figure 4A and to obtain a similar staining
baseline for the degradation assay, Col seedlings in Figure 4B were GUS
stained for 480 min and iar4-3 seedlings were GUS stained for 165 min,
respectively. Col seedlings in Figure 4C were GUS stained overnight, and
iar4-3 seedlings were GUS stained for 120 min, respectively.

Microscopy

For pollen staining, anthers were removed from flowers and mounted on
microscope slides in one-half times Alexander’s solution (Johnson-Brousseau
and McCormick, 2004). Viable pollen grains appear dark purple (green walls
and densely staining cytoplasm), whereas inviable pollen appear empty
(green walls only). To examine developing embryos, siliques were dissected
with a 30-gauge needle, cleared overnight in Hoyer’s solution (4 g chloral
hydrate dissolved in 1 mL 50% glycerol), and visualized on a Nikon Diaphot
200 inverted microscope.

For subcellular localization of IAR4 protein, JAR4 genomic DNA (from
1,840-bp upstream of the start codon to the end of the coding sequence minus
the stop codon) was GATEWAY cloned into pDONR207 and subsequently
recombined into the binary vector pMDC107 (Curtis and Grossniklaus, 2003)
according to the manufacturer’s protocols (Invitrogen). The resulting IAR4pro:
IAR4:GFP construct was stably transformed into Col plants as described
above. JAR4pro:IAR4:GFP transgenic seedlings were soaked in MitoTracker
Orange (Molecular Probes) solution and GFP and MitoTracker fluorescence
examined on a Bio-Rad MRC 1024 laser-scanning confocal microscope as
previously described (Mano et al., 2002).

IAA Analysis
Extraction of Free IAA and IAA Amino Acid Conjugates

Free TAA content was determined according to Barkawi et al. (2008). To
extract JAA-amino acid conjugates, frozen tissue samples were homogenized
in 65% isopropanol, 0.2 M imidazole (pH 7) with 10 ng each of [*C,JIAA-Asp
and []SCG]IAA-Glu as isotopically labeled internal standards. Homogenization
was performed using a Mixermill 3000 (Qiagen) with 3-mm tungsten-carbide
beads at 20 Hz for 3 min. The homogenized samples were allowed to
equilibrate with the internal standards for 1 h at 4°C, after which they were
spun at 10,000g for 5 min. Supernatants were diluted 10X with distilled water
to dilute the salt concentration before solid phase extraction. Samples were
purified by on-column purification using NH, (50 mg Versaplate, Varian) and
C18 (100 mg PrepSep, Fisher) solid phase extraction columns. Amino columns
were first conditioned using 600 uL each of hexane, acetonitrile, distilled
water, and 0.2 M imidazole (pH 7), and then twice with 1,600 uL distilled
water. The diluted supernatants were loaded on the NH, columns and
allowed to equilibrate for 5 min before being drawn slowly through the
column using vacuum. The NH, columns were then washed with 600 uL each
of hexane, ethyl acetate, acetonitrile, and methanol, and the JAA amino acids
were eluted 3 times with 0.3 mL 3% formic acid. The C18 columns were
conditioned with 1 mL each of methanol and distilled water, and the total NH,
eluates were loaded on the columns and allowed to equilibrate for 5 min
before a slight vacuum was applied to draw the samples through. The C18
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columns were washed twice with 600 uL distilled water and the IAA amino
acids were eluted twice with 300 uL methanol. To methylate the samples
before gas chromatography-mass spectrometry (MS) analysis, in a well-
ventilated hood, 1 mL ethereal diazomethane was added to each sample
and they were immediately placed under a stream of N, and evaporated to
complete dryness. The samples were brought into solution in 25 uL ethyl
acetate and analyzed by gas chromatography-MS using selected ion moni-
toring using a model 6890N GC/5973 Network MS (Agilent Technologies)
equipped with an HP-5MS fused-silica capillary column (30 m X 0.25 mm ID,
[5%-phenyl]-methylpolysiloxane, 0.25 Im film thickness, Agilent Technolo-
gies). The GC injector temperature was set at 280°C and temperature
programmed from 70°C (2 min) to 280°C (5 min) at 20°C min”}, with helium
as a carrier gas at a flow rate of 1 mL/min. The quadrupole MS was run in EI
mode with an electron emission of 70 eV. For both IAA amino acid methyl
esters and their isotopically labeled standards, the molecular ions and the base
peaks were monitored. For Me-IAA-Asp and Me-["*C/JIAA-Asp, the ions
were mass-to-charge ratio (m/z) 130 and 318 and m/z 136 and 324, respec-
tively. For Me-IAA-Glu and Me-[BCb]IAA-Glu, the ions were n/z 130 and 332
and m/z 136 and 338, respectively.

IAA Precursor Feeding

The TAA precursor feeding experiments were modified after Rapparini
et al. (2002). In brief, to quantify utilization of Trp-dependent and Trp-
independent IAA biosynthetic pathways, seedlings were grown for 10 d at
20°C on vertical petri dishes containing ATS medium. After 10 d they were
placed horizontally on a horizontal shaker at 20°C, flooded with 5 mL of 100
M stable isotope labeled *H;-Trp (Merck Frosst Canada, MSD Isotopes Div.)
and "N-anthranilate (Icon Services, Inc.) in 10 mv MES (pH 6), and incubated
for 24 h. The seedlings were then rinsed, blotted dry, immediately frozen in
liquid N,, and stored at —80°C until analyzed for determination of the isotopic
enrichment in the endogenous free IAA pool. Extraction and analysis of free
TAA was performed as described above.
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