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Abstract We have characterized the regulation of auxin
conjugate hydrolysis in Medicago truncatula during
development and interaction with two symbionts. In
Medicago truncatula five putative auxin amidohydrolase
genes (MtIAR31, MtIAR32, MtIAR33, MtIAR34, MtIAR36)
were identified, homologous to the AtIAR3 gene from
Arabidopsis thaliana. The MtIAR32 transcript is the most
abundant transcript in whole seedlings after germination,
whereas MtIAR33 is the least abundant. MHAR32 is also
the most abundant transcript in adult roots, stems, and basal
leaves. MtIAR31 is most highly expressed in flowers and
MtIAR36 in terminal leaves. Sinorhizobium meliloti-infec-
ted seedlings primarily upregulated MtIAR33 and -34
transcripts. Glomus intraradices-infected seedlings upreg-
ulated Mt/AR33 and —34. MtIAR31, -32, -33, and -34
have hydrolytic activity against IAA-aspartate and IBA-
alanine. MtIAR33, -34, and —36 hydrolyze the ester bonds
of IAA-glucose. MtIAR36 solely possesses activity against
IAA-glycine, -alanine, and -isoleucine. IBA was increased
in Glomus intraradices-inoculated roots of Medicago
compared to controls, whereas IAA was not. Our results
suggest an intricate control system that regulates free and
conjugated auxins in Medicago.
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Introduction

Regulation of host-symbiont interaction is of great interest
to those who study both plant and symbiote physiology.
Our studies have focused specifically on two such pro-
cesses in the model legume Medicago truncatula: fungal
colonization, leading to arbuscular mycorrhiza (AM) for-
mation, and bacterial invasion, leading to root nodulation.
Plant hormones can be considered important signals in
establishing relationships between plants and microbes.
The exchange of signals during the initial phases of sym-
biosis is crucial for the regulation of an intricate
relationship between organisms. Phytohormones may
constitute at least part of these signals (Barker and Tagu
2000; Ludwig-Miiller 2000).

The hypothetical involvement of auxins in nodule
development is feasible because they are highly organized
structures, similar to lateral roots (Hirsch and La Rue
1997). Mathesius and others (1998) provided evidence that
levels of auxins were increased in cells that divide to form
the root nodule primordium. More recently, root nodule
studies have demonstrated that ethylene, auxin, and cyto-
kinin are involved in controlling or mediating symbiotic
responses (Mulder and others 2005).

Several lines of evidence suggest a role for auxin at
different stages in nodule organogenesis (de Billy and
others 2001; Roudier and others 2003). First, synthetic
auxin transport inhibitors can induce the development of
pseudonodules on plant roots (Hirsch and others 1989).
Second, auxin localization is correlated with the site of
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cortical cell division. Auxin was localized in Lotus japo-
nicus and white clover roots during nodulation (Mathesius
and others 1998; Pacios-Bras and others 2003). Third, de
Billy and others (2001) demonstrated that import carrier
genes in Medicago are expressed predominantly in regions
of root tips and nodule primordia, suggesting that auxin is
required for primordia and vasculature development. Fur-
ther genetic evidence from Wasson and others (2006)
supports the hypothesis that auxin transport is involved in
nodulation in Medicago and that root flavonoids act as
regulators. Inoculation with rhizobia reduced auxin trans-
port in control roots after 24 h, similar to the action of the
auxin transport inhibitor N-(1-naphthyl)phthalamic acid
(NPA) (Wasson and others 2006). Rhizobia were unable to
reduce auxin transport in flavonoid-deficient roots, even
though NPA inhibited auxin transport. This result was
confirmed by Huo and others (2006), directly showing a
role for polar auxin transport in nodule development in
Medicago using RNAI plants for the Medicago PIN1 auxin
carrier.

The role of auxin during arbuscular mycorrhiza (AM)
formation is less well understood. In maize, Ludwig-Miiller
and others (1997) observed an increase of the auxin indole-
3-butyric acid (IBA) in inoculated roots concomitant with
the enzyme activity for IBA synthesis. In addition, exog-
enous IBA altered maize root morphology in the same way
as AM formation (Kaldorf and Ludwig-Miiller 2000).
Auxin conjugates also increased during AM colonization in
maize roots at later time points (Fitze and others 2005).

Elevated auxin levels have also been reported for soy-
bean (Meixner and others 2005) and nasturtium (Jentschel
and others 2007) during AM colonization, so it can be
concluded that the increase in auxin levels is observed in
the AM symbiosis in at least three plant species. Based on
these data, we have hypothesized that changes in auxin
concentrations may play a role in the regulation of AM
formation in Medicago and, by extension, the symbiotic
process of nodulation.

In this work we have investigated the possibility that
auxin conjugate hydrolysis could contribute to elevated
free auxin levels in the rhizobium and to AM interaction in
the model legume Medicago truncatula. To better examine
this hypothesis, our goal was to isolate and characterize the
genes involved in the regulation of auxin homeostasis in
the model legume Medicago and to examine any induced
changes in the transcription of these genes during the initial
interactions between host and symbiote.

Free auxin levels are regulated in higher plants by, among
other factors, auxin conjugate hydrolases. Auxin, primarily
indole-3-acetic acid (IAA) and IBA, is stored in conjugated
forms that are generally considered to be inactive. Two major
types of conjugates have been examined: (1) those bound to
one or more amino acids and (2) those ester-linked forms

bound to sugar(s). Both types may be found at varying
concentrations in angiosperms, with up to 95% of all auxin in
a plant bound into one of these storage forms (Cohen and
Bandurski 1982; Bandurski and others 1995; Campanella
and others 1996; Walz and others 2002).

The ILRI1-like auxin amidohydrolase gene family was
initially characterized in Arabidopsis thaliana (Bartel and
Fink 1995; Davies and others 1999; LeClere and others
2002) and is thought to be involved in regulation of free [AA.
The first enzyme isolated in this family, ILR1, cleaves TAA-
Leu and IAA-Phe preferentially, whereas the ILL1, ILL2,
and IAR3 enzymes prefer IAA-Ala as a substrate. The clo-
sely related sILR1 ortholog, isolated from Arabidopsis
suecica, has substrate specificity for [AA-Gly and IAA-Ala
(Campanella and others 2003a, 2003c). Active amidohy-
drolase orthologs (BrILL2 and BrIAR3) have also been
isolated from Brassica rapa (Schuller and Ludwig-Miiller
2006). In addition, a novel conjugate hydrolase has been
characterized in wheat that has little specificity for IAA
conjugates but hydrolyzes conjugates of IBA and indole-3-
propionic acid (IPA) (Campanella and others 2004).

We chose Medicago as our model system because it is a
legume that can be induced in plant-microbe interactions to
undergo both nodulation and AM formation (Cook and
others 1997). Moreover, phylogenetic studies had deter-
mined that Medicago has a large family of putative auxin
conjugate hydrolases (Campanella and others 2003b). In
addition, several expressed sequence tags (ESTs) for two of
the putative hydrolase genes described above were found in
cDNA libraries from mycorrhizal roots (unpublished
observations), suggesting an increase in hydrolase expres-
sion during AM formation. Finally, microarray
hybridization analyses showed some overlap of auxin-
inducible and AM-inducible genes in Medicago roots (J.
Ludwig-Miiller, unpublished data), and several AM-
inducible genes were also inducible by IAA or IBA
(Ludwig-Miiller and Giither 2007). This evidence sup-
ported the hypothesis that surges in auxin may be involved
in early symbiotic interactions in Medicago. Given this
information our goal was to determine whether the MtIAR3
gene family was involved in regulating auxin homeostasis
during AM symbiosis and whether this regulation could be
observed during the nodulation process.

In this article we report on the isolation, expression
analysis, and enzymatic characterization of five putative
auxin amidohydrolases (MtIAR31, MtIAR32, MtIAR33,
MtIAR34, and MtIAR36) with homology to the Arabid-
opsis ILR1-like family. We found the members of this
family to be diverse in their hydrolase activity, substrate
specificity, and spatiotemporal expression. More impor-
tantly, a subset of hydrolase transcripts seems to be
exceedingly upregulated during the first 1-15 days of rhi-
zobia-induced nodulation, whereas they are only
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moderately induced during fungal-induced AM formation.
Finally, we report an IBA increase in Medicago during AM
formation.

Materials and Methods
Plant Materials and Plant Growth

Medicago truncatula (Jemalong A17) seeds were scarified
by scraping gently on an emery board. Seeds were then
incubated in 2-3 ml of 30% bleach and 0.1% Triton X-100.
Seeds were washed 2-3 times in 1-2 ml of sterile water and
then imbibed and incubated for 2-3 days at 4°C in darkness.

Seeds used for sources of root, leaf, stem, and flower
tissue were first germinated on sterile minimal media 2%
agar [S mM KNOj, 2.5 mM K,HPO, (pH 5.5), 2 mM
MgSO4, 2 mM Ca(NO3)2.H20, 50 I,LM Fe—EDTA, 70 HM
H;BO;, 14 uM MnCl,, 0.5 pM CuSOy4, 1 uM ZnSOy,
0.2 uM Na,Mo0O,-2H,0, 10 uM NaCl, 0.01 uM CoCl,].
Once germinated, the seedlings were sown in soil (per-
lite:sphagnum peat moss:vermiculite, 1:1:1 v/v/v) saturated
with liquid minimal medium. Plants were slowly hardened
off over one week and fertilized with liquid minimal
medium every week as needed. The plants were grown at
23°C in constant light (cool white, fluorescent, ~ 100 pmol
s m™) in a plant growth chamber (Percival Scientific,
Model E-30B).

Leaves, roots, and stems for spatial expression analysis
were harvested 20 days after germination. Flowers were
harvested at 74 days after germination. All tissues were
stored frozen at -80°C until RNA extraction.

Seeds used for developmental expression studies were
germinated on sterile agar medium and transferred to soil
after germination. The plants were grown at 23°C in constant
light (cool white, fluorescent, ~ 100 pmol s~' m~) in a plant
growth chamber (Percival Scientific, Model E-30B). Whole
seedlings were collected 1, 5, 10, and 20 days after germi-
nation and stored frozen at -80°C until RNA extraction.

Scarified, sterilized, and washed Medicago seeds used in
the root nodulation experiment were transferred to buffered
nodulation medium with 1 nM f-aminoisobutyric acid
(Ehrhardt and others 1992). Seeds were incubated 3 days in
the dark at 4°C and then transferred to the plant growth
chamber at 23°C with 14 h of light per day at approxi-
mately 100 pmol s™' m™. Five days after germination the
seedlings were exposed to the rhizobia.

Induction of Nodulation

Sinorhizobium meliloti strain 1021 was grown overnight in
liquid LB media with constant shaking, 200 rpm, at 28°C.
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The ODgqgp of the overnight culture was found to be 0.6,
which is acceptable for induction (Ehrhardt and others
1992). Two milliliters of bacteria were centrifuged at 5000
rpm and washed 3 times in 2 ml of fresh liquid LB media.
The cells were resuspended in 10 ml liquid LB media and
added to the Petri dishes containing the 5-day-old Medi-
cago seedlings. For mock infection, seedlings were treated
with distilled water. The Medicago roots were incubated 5
min at room temperature with the bacterial culture. The
bacteria were pipetted away, and the “0” day tissue was
cut from treated and mock-infected plants and frozen at —
80°C immediately for later RNA extraction. The rest of the
plants, remaining on agar, were returned to the plant
growth chamber at 23°C with 14 h of light per day at
approximately 100 pmol s~' m~ and roots were harvested
at days 1, 2, 5, 10, and 15 after germination.

AM Inoculation

Seedlings of Medicago were cultivated under sterile con-
ditions as previously described in a plant growth chamber
(Percival Scientific, Model E-30B) at 25°C with a photo-
period of 15 h light:9 h dark. The Glomus intraradices
inoculum was obtained commercially (Reforestation
Technologies International, Salinas, CA). Seedlings were
transplanted to soil (perlite:sphagnum peat moss:vermicu-
lite, 1:1:1 v/v/v) saturated with liquid minimal medium and
inoculated with approximately 20,000 propagules of sterile
AM fungi after the root and coleoptile tips were visible (8
days after germination on MSO agar). Mock-infected
seedlings were germinated sterilely in the same fashion as
described above and transferred separately to soil untreated
by AM fungi.

The “0” day root tissue was cut from treated and mock-
infected plants and frozen at —80°C immediately for later
RNA extraction. The rest of the plants were returned to the
growth chamber at 25°C with 15 h of light per day at
approximately 100 pmol s m™, and roots were harvested
at days 5, 10, 15, and 21 after inoculation with Glomus.
The percentage of root length colonized was determined by
counting the fungal structures (hyphae, arbuscules, vesi-
cles) in infected roots after staining with lactophenol blue
as described earlier (Schmitz and others 1991).

RNA Extraction

Total RNA was extracted from approximately 0.4 g of
plant tissue, using the RNeasy RNA extraction kit (Qiagen,
Valencia, CA). Before extraction, micropestles and all
microfuge tubes were treated with an 8% solution of RNA
Secure (Ambion Corporation, Austin, TX) for 10 min at
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65°C. RNA concentration was determined by UV absor-
bance in a NanoDrop model ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE) and samples
were stored at —80°C as separate aliquots until real-time
reverse transcriptase PCR (RT-PCR) analysis could be
performed.

Cloning of Full-Length Mt/AR3 Family of cDNAs

The cDNA sequences for MtIAR31, -32, -33, —34, and -36
(Medicago TIGR Accession Nos. TC77457, TC77458,
TC87843, TC79815, TCI102108, respectively) were
obtained from The Institute for Genomic Research (TIGR)
sequence database and first identified as an JAR3 ortholog
using TIGRBLAST (Altschul and others 1990).

Total Medicago mRNA was extracted from whole
seedlings and RT-PCR was then used to amplify the spe-
cific cDNA of MtIAR31, —-32, -33, —34, and —-36. The
transcript primers employed to amplify the MfIAR3 family
are listed in Table 1. Single 50-pl reactions were carried
out in an RNase-free 0.5-ml microfuge tube using an Ep-
pendorf Mastercycler gradient thermocycler (Eppendorf,
Inc., Westbury, NY). The reverse transcriptase reaction
was incubated at 50°C for 1 h, followed by 95°C for 15
min. The PCR step was performed for 36 cycles at the
following times and temperatures: 45 s at 95°C, 45 s at
57°C, and 1 min at 72°C.

The resulting amplified cDNA was blunt-end ligated in-
frame into the EcoRV cloning site of the pETBlue-2
expression vector (Novagen Corp., San Diego, CA) using
T4 DNA ligase (Novagen) in such a way that the cDNA
was terminated by its own stop codon and the His-Tag of
the pETBlue-2 vector was not expressed. The resulting
constructs (peMtIAR31, peMtIAR32, peMtIAR33, peMtI-
AR34, peMtIAR36) were then transformed into E. coli
(NovaBlue) using heat shock (Sambrook and others 1989)
and putative transformants were selected on the basis of

ampicillin resistance and blue-white selection (Sambrook
and others 1989). Plasmids were obtained from transfor-
mants by alkaline lysis (Sambrook and others 1989). Insert
orientation and size were determined by endonuclease
digestion, electrophoretic analyses through 1% agarose
gels, and DNA sequencing of the insert regions using
BigDye Terminator version 3.0 (Applied Biosystems,
Foster City, CA) on an ABI model 3730 DNA analyzer
following the manufacturer’s directions.

Real-Time RT-PCR

The primers employed to amplify MtIAR31, —32, —33, —34,
and —36 for expression analysis are listed in Table 1. For
the expression analyses, single 500-ng, 25-pl reactions
were carried out in RNase-free 0.2-ml microfuge tubes
using an Mx3000p Real Time Thermocycler (Stratagene,
La Jolla, CA). The iScript One-Step RT-PCR kit with
SYBR Green (Bio-Rad, Laboratories, Hercules, CA) was
used according to the manufacturer’s instructions to
amplify the specific cDNA of MtIAR31, -32, 33, -34, and
—36. The reverse transcriptase reaction was incubated at
50°C for 1 h, followed by 95°C for 15 min. The PCR step
was performed for 40 cycles at the following times and
temperatures: 45 s at 95°C, 45 s at 57°C, and 1 min at
72°C. Each experiment was replicated three times and
values averaged. 18S RNA was used as an expression
control.

The bar graphs indicating hydrolase transcript
expression were generated from the real-time RT-PCR
data using the standard curve method described by
Applied Biosystems (User Bulletin No. 2, ABI Prism
7700 Sequence Detection System;
http://www.appliedbiosystems.com) using MX3000P
software (Stratagene). In this method product amounts
were normalized to the 18S standard and a relative
standard curve was generated using a basis sample called

Table 1 Primers used to RT-PCR amplify cDNA of hydrolase genes for cloning (A) and real-time RT-PCR analysis of transcript expression (B)

Allele Forward primer Reverse primer
MUtIAR31 (A) 5-TTTTCTTTCTTTTCCATTTCTC-3’ 5'-TAAATAATATTTGCTTATAA-3'
(B) 5'-TTATCACTGGACAAGCTGCTG-3' 5'-TTATAATTCATCATGAATTTTCCCCTTT-3’
MtIAR32 (A) 5-TTCAATACCTTGAGAGCATCCATCC-3’ 5’-ACAACACAAAGGGCTAGGGA-3'
(B)5'-GATGGTGGCTTGCATGACTA-3' 5'-ACAACACAAAGGGCTAGGGA-3’
MtAR33 (A) 5-ACGAGTGGCTTGGAAGTTAAA-3' 5'-CGTTTCAATTTTACATTTTCTTCG-3
(B) 5'-AGGAGCCAGACAACGGAAG-3’ 5'-CATGATACATCAGTAATAACAAAAGG-3’
MtIAR34 (A) 5-TGCTTCAATCATCAACCTTCA-3’ 5-TGATGAAACCAGAGTATGTAGTGAAA-3’
(B) 5-TGCTTCAATCATCAACCTTCA-3 5'-ATTGGACCAGACCTGGAGGA-3’
MtAR36 (A) 5-TGTTCCTTGCTTTGCTTCAT-3’ 5'-TGGTTTCCGAGATCAACCAT-3'

(B) 5-TACCCTCCCACGGTTAATGA-3'

5'-TGGTTTCCGAGATCAACCAT-3’
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a calibrator. For all experimental samples target quantity
was determined from the standard curve and divided by
the target quantity of the calibrator. The calibrator acted
as the 1x sample and all other samples were expressed
in differences relative to the calibrator.

Enzyme Preparation from E. coli

The peMtIAR31, —32, —33, -34, and —36 strains (contain-
ing the Medicago homologs of IAR3 in the EcoRV site of
the pETBlue-2 vector) were grown overnight in 5 ml LB
medium containing 100 pg/ml ampicillin. From this cul-
ture 2 ml were transferred to a flask containing 50 ml LB
medium, including 100 pg/ml ampicillin and 1 mM IPTG
for gene induction. Induction was performed for 4 h with
continuous shaking of the cultures. Uninduced controls
were grown under the same conditions but without IPTG.
Instead, 0.5% glucose was included in the medium because
the promoter of pETBlue-2 is leaky.

Enzyme preparation and enzymatic activity assays were
conducted as in our previous studies (Campanella and
others 2003c, 2004). After collecting the bacterial cells by
centrifugation for 10 min at 8000g, the pellet was resus-
pended in 100 pl lysozyme buffer per initial 1 ml bacterial
culture (30 mM Tris-HCI, pH 8.0, containing 1 mM EDTA,
20% sucrose, and 1 mg/ml lysozyme, Sigma-Aldrich, St.
Louis, MO) for cell lysis and incubated for 10 min at 4°C.
To break the cells, three freeze-thaw cycles were per-
formed where the cells were frozen in liquid N, and thawed
at 30°C. After the last thawing, 2 pl of a 10-mg/ml DNase
solution in 150 mM NaCl and 50% glycerol was added and
the mixture was incubated for 15 min at 25°C. The extract
(100 pl volume per assay) was then directly used for the
enzyme assay.

Enzyme Assay with MtIAR3 Family

The enzyme assay for the hydrolysis of auxin conjugates
was performed in a 500-pl reaction mixture containing
395 ul assay buffer, 100 pl bacterial enzyme extract
(corresponding to approximately 2.5 mg total protein),
and 5 pl of a 10 mM stock solution (dissolved in a small
volume of ethanol, then diluted with H,O) of each
substrate (final concentration 100 pM; ethanol concen-
tration was always < 0.1%). The substrates used in this
study were the IAA amide conjugates IAA-Asp, [AA-
Ala, IAA-Gly, IAA-Leu, IAA-Ile, IAA-Phe, and IAA-Val
(all from Sigma), the IAA ester conjugate IAA-glucose
(a gift from Dr. Jerry D. Cohen), and the amide conju-
gates of IBA with alanine (Sigma) and glycine, the latter
obtained after demethylation of methyl-IBA-Gly (a gift
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from Dr. Joseph Riov; Campanella and others 2004). The
assay buffer consisted of 100 mM Tris, pH 8.0, 10 mM
MgCl,, 100 uM MnCl,, 50 mM KCl, 100 uM PMSF, 1
mM DTT, and 10% sucrose (Ludwig-Miiller and others
1996) however, for the assays that included IAA-Asp as
substrate, no DTT was added. The reaction was incu-
bated for 1 h at 40°C, stopped by adding 100 ul 1 N
HCI, and the aqueous phase was then extracted with 600
pl ethyl acetate. The organic phase was removed,
evaporated to dryness, and resuspended in 100 pl
CH;O0H for HPLC analysis according to Campanella and
others (2004). The experiments were repeated 3-4 times
using different enzyme preparations. All results represent
means of independent experiments + standard error (SE).
The uninduced cultures were evaluated as controls. The
enzymatic activity was calculated as nanomoles of TAA
released from cultures induced with IPTG subtracted by
the values obtained in noninduced cultures.

Auxin Determination

Medicago roots inoculated with Glomus intraradices
were harvested at different time points during the colo-
nization process. Control roots were harvested at the
same age. A minimum of 0.1 g fresh weight per indi-
vidual analysis was extracted with a mixture of
isopropanol and acetic acid (95:5 v/v). To each sample
100 ng "*C4IAA (Cambridge Isotope Laboratories,
Andover, MA) and 100 ng ">C;-IBA (a gift from Dr. E.
Sutter; Sutter and Cohen 1992) were added. Sample
preparation was performed according to Meixner and
others (2005). Derivatization of samples was performed
by methylation according to Cohen (1984) with freshly
prepared diazomethane. GC-MS analysis was carried out
on a Varian Saturn 2100 ion-trap mass spectrometer
using electron impact ionization at 70 eV. The spec-
trometer was connected to a Varian CP-3900 gas
chromatograph equipped with a CP-8400 autosampler
(Varian, Darmstadt, Germany). For the analysis 2.5 pl of
the methylated sample dissolved in 20 pl ethyl acetate
was injected in the splitless mode (splitter opening 1:100
after 1 min) onto a Phenomenex ZB-5 column (As-
chaffenburg, Germany), 30 m X 0.25 mm X 0.25 pm,
using He carrier gas at 1 ml min~'. Injector temperature
was 250°C and the temperature program was 60°C for 1
min, followed by an increase of 25°C min~! to 180°C,
5°C min™' to 250°C, 25°C min™' to 280°C, then 5 min
isothermically at 280°C. Transfer line temperature was
280°C and the trap temperature was 200°C. For higher
sensitivity, the pSIS mode (Varian Manual; Wells and
Huston 1995) was used. For the determination of TAA
and IBA, the quinolinium ions of the methylated
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substance derived from endogenous and '*C¢-IAA and
3C,-IBA at m/z 130/136 and 130/131, respectively, were
monitored (Ludwig-Miiller and Cohen 2002). The
endogenous hormone levels were calculated by the
principles of isotope dilution (Cohen and others 1986).

Phylogenetic Tree Construction and Chromosomal
Linkage

Amino acid alignments of the MtIAR3 family and the
Arabidopsis orthologs were performed using the ClustalX
v1.8 software (Thompson and others 1997). Alignment
settings were used at default values. Phylogenetic trees
were generated from the distances provided by the Clu-
stalX analysis using the neighbor-joining method (Saitou
and Nei 1987). Bootstrap analyses (Felsenstein 1985)
consisted of 1000 replicates. The neighbor-joining trees
were visualized with the TREEVIEW program (Page
1996). The protein sequence of a bacterial M20 peptidase
from Campylobacter jejuni (GenBank accession No.
736940) was used as an outgroup.

The chromosomal linkage groups for the hydrolase loci
were determined by cDNA homology searches on the NSF/
EU Medicago truncatula Sequencing Resources web page
at http://www.medicago.org/genome.

A . fefuni (Z36940)
MiIARM (TCT9815 )
MiLAR32 (TCT7458 )
TAR3L (TCT7457 )
AfILLI
AILL2
MUIAR3I3 (TC87843 )
AtILL3
MtIAR36 (TC102108 )
AILLE
i ALRI
0.1
B Sllaﬂ Met F'ulxltiva hydrolase domain Putative dimerization domain EIR retention
|
muara1 [ I 452aa B3
muaraz | [[III[]HTI] 447 B3
muaras [ T 420 |
muara4 [ T 447 3!
muarss [ [T 476 |

Fig. 1 A Neighbor-joining phylogram of Arabidopsis thaliana ILR1-
like protein family members orthologous to the Mt/AR3 family. The
TIGR accession numbers are indicated for each Medicago gene, and
the scale at the bottom of the figure indicates relative genetic distance.
Bootstrap values out of 1000 are indicated on the nodes of the tree. B
Schematic overview comparison of the putative protein structures of
the five Medicago hydrolases. The numbers indicate the number of
amino acid residues of the respective protein. The lined boxes are the
putative active sites, the white boxes are the putative dimerization
sites, and the hatched boxes on MtIAR31, —-32, and —34 represent the
endoplasmic reticulum retention signal. aa = amino acid

Results

Phylogenetic Analysis of an Auxin Amidohydrolase
Family in Medicago truncatula

A phylogenetic analysis comparing the MtIAR3 family of
proteins against all the members of the ILR1-like family
confirms that the majority (MtIAR31, —32, and —34) are
similar to AtIAR3 (Figure la), with a clade bootstrap value
of 1000. The MtIAR33 homolog appears to be most closely
related to the Arabidopsis ILL3 protein, whereas MtIAR36
is most similar to AtILL6. The MtIAR31, -32, and -34
products contain putative C-terminal endoplasmic reticu-
lum (ER) retention signals (Figure 1b), a hallmark of many
of the auxin amidohydrolases (Davies and others 1999;
LeClere and others 2002; Campanella and others 2003a,
2003b, 2004). In addition, analyses employing the Pence
Proteome Subcellular Localization Server v2.5 (Lu and
others 2004) demonstrated that all five Medicago hydro-
lases studied contain putative N-terminal ER localization
signals (data not shown), which are basically homologous
to those found in AtILR1 or AtILL2 proteins.

We have been able to determine the putative chromo-
somal locations for all five hydrolase genes by using data
from the Medicago truncatula genome sequencing pro-
jects. MtIAR3I seems to be homologous to the Mth2-
145C3 clone linked to Medicago Chromosome 8 at
approximately position 44. MtIAR32 appears be linked to
Medicago Chromosome 2 at position 64. MtIAR33 appears

Relative Concentration (unitless)

Time (days)

| muars: [N Moars2 SN muars [T

MtIAR34

B Moarse

Fig. 2 Whole-plant relative temporal expression of MtIAR3 tran-
scripts given in days after germination. The calibrator was the
MUtIAR33 expression data. The data are the average of three
experiments + SEM

@ Springer


http://www.medicago.org/genome

32

J Plant Growth Regul (2008) 27:26-38

on Chromosome 3 at position 84.3, as does MtIAR34 at
position 70.8. Computer analysis of MtIAR36 found it to
have 100% homology to a portion of the Mth2-12B2 clone
also on Chromosome 3 at approximately position 63.7.

Temporal and Spatial Expression of the M#/AR3 Gene
Family

All transcripts are detectable in whole seedlings at day 1
after germination (Figure 2). The MtIAR32 mRNA con-
sistently appears to be at the highest level of expression for
the 20-day period in whole seedlings, whereas Mt/AR33
appears to be consistently expressed at a low level. Mtl-
AR31 and —34 decrease into a midrange value of expression
between MtIAR32 and MtIAR33. MtIAR36 is expressed at a
midrange value at day 1, but expression reduces to the
lowest compared to the other family members by day 20.

With the exception of MtIAR36, there seems to be little
fluctuation in expression in any of the family members, with
only small changes in mRNA concentrations observable
over time. It is unclear which, if any, of these products may
be important for generalized early growth, although the high
and regular level of M#/AR32 makes it the most likely can-
didate. Expression of the 18S control showed no difference
between samples examined (data not shown).

The relative spatial expression of all the homologs in
various plant tissues was determined (Figure 3). The Mtl-
AR3?2 transcript appears to be expressed at the highest level
of any family member in lower leaves, stem, and root,
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Fig. 3 Relative expression of Mt/AR3 transcripts in each plant tissue.
The calibrator was the MtIAR33 expression data. The data are the
average of three experiments + SEM
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whereas MtIAR31 is the highest of the family in flower
tissue. MtIAR36 transcript was expressed most strongly in
upper leaves with high concentrations in stem tissues as
well.

The MtAR33 transcript was expressed at the lowest
relative level compared to all other Medicago homologs in
every tissue examined. Note that MtIAR33 is being
expressed, despite its apparent exclusion in the study
(Figure 3). This analysis reflects relative expression. Mtl-
AR33 is expressed the least in all the tissues examined, so it
was set by the Stratagene MX3000P software as the
baseline comparator of “1x* in the experiment against
which all other expression was evaluated, and hence it
appears apparently unseen in Figure 3 against the much
greater expression of the other homologs.

Presumably the upregulated gene products are needed
for specific growth and development of the particular tis-
sues studied. Expression of the 18S control showed no
difference between samples examined (data not shown).

MtIAR3 Gene Family Expression During Nodulation

At 15 days after inoculation, the visual onset of root nodule
formation was observed in all infected roots (data not
shown). During the 15 days of bacterial invasion by Sin-
orhizobium meliloti in Medicago, the expression of
MIAR32 and —36 transcripts showed little variation above
the mock-control values (Figure 4a, b). MtIAR31 demon-
strated slight expression increases of approximately 18-fold
by day 5; this result may support the hydrolase as a
potential maintenance factor in the later stages of nodula-
tion. In sharp contrast, Mt/AR33 and —34 were highly
upregulated (~ 2500-fold and 165-fold, respectively) at the
very early stages of nodulation induction (Figure 4a). The
expression of MtIAR33 increased rapidly by day 1 after
bacterial inoculation and then decreased by day 15,
although it was still tenfold higher than the day O com-
parator (Figure 4a). In all cases of upregulation, the
infected tissues demonstrated a clearly increased expres-
sion compared to mock-infected tissues (Figure 4b).
Expression of the 18S control showed no difference
between samples examined (data not shown).

MtIAR3 Gene Family Expression During Arbuscular
Mycorrhiza Formation

During the 21 days of fungal colonization of Medicago
with Glomus intraradices, expression of the MtIAR31 and
—36 transcripts changed little (Figure 5). The MtIAR32
transcripts demonstrated an induction increase of approxi-
mately fourfold by day 10 after inoculation. The strongest
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inductive effects were seen in MtIAR33 and —34, which
were moderately upregulated to approximately 14-fold and
approximately tenfold by day 10, respectively (Figure 5).
In all cases of upregulation, the AM inoculated tissues
demonstrated an increased expression compared to mock-
infected tissues (data not shown). Expression of the 18S
showed no difference between samples examined (data not
shown). Mycorrhizal colonization started between 5 and 7
days after inoculation with 7% and 2%, respectively, and
reached up to 60% at 42 days after inoculation in the dif-
ferent experiments (Figures 5, 6). Therefore, the increase
in MtIAR3 transcripts correlated with an early onset of
colonization. During the time points of increased MtIAR3
expression, mainly intraradical hyphae were present and
only an occasional arbuscule was spotted (data not shown).

The levels of free IBA were constantly increased during
the development of the symbiosis with Glomus intrara-
dices over a period of 7-42 days after inoculation. The
onset of the IBA increase correlates with the increase in
auxin conjugate hydrolase transcripts of Mt/AR33 and —34.
In contrast, free IAA levels were only transiently increased
at one time point (Figure 6). To our knowledge it was the

first time that IBA was demonstrated by full-scan GC-MS
to be present in the species Medicago (data not shown).

Substrate Specificity of the MtIAR3 Gene Family

Are all of the differentially expressed hydrolases active?
After cloning the cDNAs of MtHIAR31, -32, -33, -34, and —
36 (GenBank accession Nos. DQ489992, DQ489993,
DQ489994, DQ489995, DQ489996, respectively) into
pETBlue-2, the enzyme activity was determined in vitro
(Table 2). Enzyme activity from cells containing an empty
vector was compared with that from cells containing the
peMtIAR31, -32, -33, -34, and —36 vectors. These cells
were either incubated with glucose because the promoter
from pETBlue-2 is leaky or induced with isopropyl f-
thiogalactopyranoside (IPTG).

Although MtIAR31, 32, -33, and -34 are all able to
hydrolyze IAA-Asp well, MtIAR33 has the strongest
activity against IAA-Asp, with 1160 + 80 pmol auxin
released/min/ml (Table 2). MtIAR33, -34, and -36
strongly hydrolyze the ester bonds of IAA-glucose.
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Fig. 5 Relative expression of the Mt/AR3 family in root tissues
during AM colonization. The infected roots are designated as 31, 32,
33, 34, and 36 indicating the appropriate MtIAR3 family member at
the time point (days) after inoculation (dai). The data are the average
of three experiments + SEM. In all cases of upregulation, the AM-
inoculated tissues demonstrated an increased expression compared to
mock-infected tissues (data not shown). Mycorrhization rates were 0
dai = 0%; 5 dai = 7%; 10 dai = 15%; 15 dai = 18%; 21 dai = 32%

MtIAR34 appears to have the most overlapping activity of
any of the other hydrolases, being able to hydrolyze IAA
amide, ester, and IBA conjugates. MtIAR36 is the only
member of this family with high activity against [AA-Gly,
-Ile, and -Ala (Table 2).

One feature of the MtIAR3 family hydrolases —31, —32,
—33, and —34 is their ability to cleave IAA-Asp (Table 2).
The Arabidopsis thaliana and A. suecica hydrolases were
not able to accept IAA-Asp as substrate (LeClere and
others 2002; Campanella and others 2003c), but a bacterial
hydrolase from Enterobacter agglomerans was able to
hydrolyze IAA-Asp with high substrate specificity (Chou
and others 1998, 2004). This activity was inhibited by
dithiothreitol (DTT) (Chou and others 1998), whereas the
activity of plant hydrolases was generally dependent on the
presence of DTT (data not shown). Because several E. coli
strains also hydrolyze IAA-Asp to some extent, we have
carefully examined the IAA-Asp hydrolyzing activity of
the strain (NovaBlue) used in this study and found very
little activity of (1) the bacterial strain without plasmid, (2)
bacteria with empty vector, and (3) bacteria where the
promoter was suppressed with glucose so that no protein
could be formed (data not shown). Only when the E. coli
cells were induced with IPTG was a significant amount of
TIAA-Asp hydrolyzed. We have also tested whether DTT
inhibits the IAA-Asp hydrolyzing activity of the Medicago
enzymes. MtIAR31 and MtIAR32 were indeed inhibited by
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Fig. 6 Free auxin levels in Medicago truncatula control roots (OJ)
and roots after inoculation with Glomus intraradices (H). Mean
values + SE are presented. The values consist of three independent
biological experiments, and for each experiment three technical
replicates were performed. The asterisk indicates significance at the p
< 0.05 level. The percent values above the upper panel represent the
total AM colonization rates

DTT and the IAA-Asp hydrolysis activity was reduced by
about 80% and 90%, respectively. Using DISULFIND
(Cysteines Disulfide Bonding State and Connectivity Pre-
dictor) (Ceroni and others 2003; Vullo and Frasconi 2004),
we predicted that the conserved cysteines do not form
double bonds within the molecule. However, the possibility
that the proteins form homodimers must be further
investigated.

Recent X-ray crystallography studies have suggested
that the AtILR1 auxin amidohydrolase contains a putative
exopeptidase dimerization domain in its tail region
(Structural Classification of Protein Database, accession
No. 117980) that is conserved from bacterial hydrolases.
Our own analyses indicate that these same homologous
dimer domains can be found in all the Medicago hydrolases
described here. Although dimerization has been demon-
strated in bacterial systems for prokaryotic hydrolase
orthologs (Structural Classification of Protein Database,
accession Nos. 55034, 103002, and 75444), there is still no
evidence of formation of dimers in plant hydrolases.

Discussion

Auxin conjugates play an important role in controlling
auxin homeostasis. Their synthesis and hydrolysis must be
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Table 2 Enzyme activity of the five Mt/AR3 homologs
Substrate Enzyme activity (pmol auxin released/min/ml)*

MUIAR31" MHIAR32" MHAR33™ MHAR34™ MHIAR36"
TIAA-Ala 0 40 = 11 50 =10 50 + 13 220 + 85
TIAA-Gly 0 10+2 80 + 7 305 1030 + 348
TIAA-Phe 5+1 0 0 0
TIAA-Asp 430 £ 20 840 + 40 1160 + 80 500 + 123 0
TIAA-Leu 0 0 70 = 18 0
IAA-Ile 0 0 0 0 410 + 68
TAA-Val 16 £4 0 0 203 0
TAA-glucose 24 £ 0.5 0 160 + 19 240 + 46 390 + 29
IBA-Ala 680 + 90 140 + 30 60 £ 9 270 + 29 10+3
IBA-Gly 0 20+ 6 10+2 0 0

? Activity in pmol auxin/min/ml E. coli extract. Mean values of three (*) to four (**) independent experiments are given. Bold values indicate

strongest activity against the respective substrate.

regulated throughout plant development to control free
auxin levels. Therefore, understanding regulatory mecha-
nisms of auxin conjugate hydrolysis is of interest. We have
isolated five auxin conjugate hydrolases from the species
Medicago truncatula, which is a good model system for the
investigation of various symbiotic interactions. We have
found that these enzymes have overlapping, but distinct,
hydrolytic enzymatic activities against a variety of IBA and
TAA conjugate substrates. Those proteins whose genes are
induced during symbiotic interactions might therefore be
suitable candidates to be involved in the regulation of auxin
homeostasis during the two root symbioses examined.

Although we believe our observations on “overlapping”
enzymatic activities to be physiologically important, an
alternative view has been suggested by other researchers
(Jensen 1976; James and Tawfik 2001; Roodveldt and
Tawfik 2005), that “promiscuous activities” in the ami-
dohydrolase superfamily may be part of their evolutionary
“accessories” that allow directed evolution. This promis-
cuity would permit structurally related enzymes with
common motifs, like the ubiquitous “TIM-barrel” fold in
the amidohydrolases, to have a variety of different minor
enzymatic functions, such as esterase, with an assortment
of substrates that could develop into primary functions
under the correct physio-environmental conditions. One
concern, in our own observations, is how the apparent
esterase/acyl anhydride activity seen in MtIAR33, —34, and
-36 is related to the concomitant amidohydrolase activity.
One might argue that the observed esterase cleavage of
IAA-glucose may be a minor activity, whereas the ami-
dohydrolase activity is actually primary. Such shared,
overlapping activities may reflect their functions as “node
intermediates” along future evolutionary pathways in
Medicago and may not embody principal enzymatic
functions.

We do not think that the observed activity against IAA-
glucose described here is the result of a nonspecific
chemical breakdown of the sugar conjugate such as
observed by Baldi and others (1989). We conducted a
comparison between the activity measured in cells that
were not induced and the activity in cells that were induced
by IPTG to form the enzyme. Therefore, nonspecific
hydrolytic activities that may occur at mild alkaline pH
values above 7 (Baldi and others 1989) or other nonenzy-
matic processes have been subtracted from the actual
enzymatic activity. In addition, the incubation time was
only 1 h, which was below the periods given by Baldi and
others (1989). However, whether this in vitro activity really
reflects the enzymatic activity in planta has yet to be
determined.

In addition to the enzymatic activity, we have examined
expression of this family of hydrolases both spatially and
temporally. We have found that MtIAR32 is the hydrolase
expressed at the highest level during the period between
germination and 20 days of age. Because MtIAR32 has
high enzymatic activity against an IAA conjugate (IAA-
Asp) in the MtIAR3 family (Table 2) and is upregulated
during growth (Figure 2), it is likely that this enzyme is
important in regulating the release of free IAA during
general developmental processes. MtIAR31 may play a
secondary, redundant role during development because it is
expressed at the second highest level over the first 20 days
of growth, and it also has strong hydrolase activity against
TAA-Asp.

MtIAR32 may be the primary hydrolase involved in
general growth responses because it is expressed spatially
at the highest levels of any hydrolase in most tissues
examined (lower leaves, roots, and stems) (Figure 3). All
the hydrolase transcripts, except MtIAR33, are expressed at
the same levels in stem tissue, which would be a primary
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location for auxin release and intense growth in a herba-
ceous plant such as Medicago (Figure 3). This result
supports overlapping functional redundancy, such as that
observed in the ILR-like family in Arabidopsis (Rampey
and others 2004).

MtIAR36 is highly expressed in the terminal leaf (Fig-
ure 3). This was the only tissue or condition that we have
examined so far where this specific isoform was more
highly expressed than all the other hydrolase transcripts.
Together with its dissimilar substrate specificity, this
hydrolase might play a distinct function in Medicago
development. It is interesting to note that two active
Medicago hydrolases (MtIAR33 and -36) are more
homologous to Arabidopsis hydrolases ILL3 and ILL6,
respectively, for which no catalytic activities have been
described so far (Davies and others 1999). It has not been
possible to test the expression of another full-length ILL6
homolog from Brassica rapa for comparable enzymatic
activity because predicted transmembrane domains have
possibly prevented its expression in E. coli (Schuller and
Ludwig-Miiller 2006).

One of the primary goals of this study was to determine
whether any of the members of this hydrolase family were
upregulated during induction of the process of rhizobial
nodulation or AM formation. From our results it appears
that a subset of hydrolase transcripts are upregulated during
both nodulation and AM formation, thus possibly leading
to elevated auxin levels. Although IAA might be necessary
to induce the primordia after-infection with rhizobia,
leading to root nodule formation (Hirsch and others 1997),
elevated auxin levels might lead to an altered root mor-
phology after AM colonization (Kaldorf and Ludwig-
Miiller 2000).

Altered auxin levels might not only determine the
morphology of organs/nodules during symbiosis but may
also be involved in a phenomenon called “autoregulation”
(Meixner and others 2005), that is, already existing nodules
or an existing root colonization by an arbuscular mycor-
rhizal fungus systemically suppresses subsequent nodule
formation/root colonization in other parts of the root sys-
tem (Caetano-Anollés and Gresshoff 1991; Vierheilig
2004).

During the initial process of nodulation over the first 48
h, only the MtIAR33 and —34 transcripts were upregulated
(Figure 4). We may hypothesize that among these putative
regulatory enzymes, MtIAR33 may be particularly impor-
tant for releasing auxin from the conjugated state during
the early process of nodulation. MtIAR33 has very strong
enzymatic activity against I[AA-Asp, which is one of the
most commonly observed conjugates found in dicots
(Bartel and Fink 1995; LeClere and others 2002; Rampey
and others 2004). MtIAR34 may also be very important in
early nodulation because it has demonstrated the widest
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hydrolytic activity against different substrates and the
MtIAR34 transcript is upregulated almost 175-fold during
nodulation. However, a correlation between the potential
increase in free IAA or IBA during nodulation and the
hydrolase transcript has yet to be shown.

It has been shown in different host plants, among
them Medicago truncatula, that auxin accumulation is
taking place at the site of nodule formation (Mathesius
and others 1998; Pacios-Bras and others 2003; Huo and
others 2006). However, no such data are found for AM-
colonized Medicago roots. We therefore measured TAA
and IBA levels in control and G. intraradices-inoculated
roots over a time course of AM development. Free IBA
increased during early time points of colonization in
Medicago roots, remaining elevated compared to control
roots for the rest of the investigated time period (Fig-
ure 6). The early rise in IBA correlates with an increase
of several hydrolase transcripts during the early stages of
AM formation, where the predominant fungal stages we
observed were extra- and intraradical hyphae. Jentschel
and others (2007) have recently shown that an auxin
inducible promoter-GUS reporter construct in tobacco
gave an indication of higher auxin signals in AM roots
compared to controls, but there was no clear correlation
with AM structures such as hyphae and arbuscules.
However, at the moment additional routes for the
increased levels of IBA in AM-inoculated roots cannot
be ruled out.

MLtIAR33 appears to be involved in auxin release also
during AM formation, together with MtIAR34 (Figure 5).
However, in AM formation MtIAR34 is not as strongly
upregulated as during nodulation and MtIAR33 is compa-
rable in expression to —34. Unlike the rhizobial induction,
the expression pattern during AM formation is more likely
to reflect overlapping enzymatic function between several
hydrolytic enzymes. MtIAR33 and —34 both have strong
activity against TAA-Asp, whereas MtIAR34 also has
activity against the ester conjugate IAA-glucose. It is
important to point out that even though MtIAR33 is not
relatively induced in the whole plant or tissues, its func-
tional importance is signified by its upregulation during
symbiotic interactions.

Our results indicate an intricate, overlapping control
system that regulates free and conjugated auxins in Medi-
cago. These control systems appear to manage
housekeeping functions such as stem and root develop-
ment, but they also elaborately regulate the early stages of
AM formation and nodulation. We will continue to
examine the regulation of the hydrolases involved in these
control processes, including the occurrence of auxin con-
jugates in Medicago, and try to better understand what
happens to these complicated schemes when the hydrolytic
regulatory systems are impaired or mutated.
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