[Plant Signaling & Behavior 2:3, 194-196; May/June 2007]; ©2007 Landes Bioscience

Article Addendum

Auxins as Signals in Arbuscular Mycorrhiza Formation

Jutta Ludwig-Miiller'*
Mike Giither'-2

Unstitut fiir Botanik; Technische Universitit Dresden; Dresden, Germany
Whniversita di Torino; Dipt. di Biologia Vegetale; Torino, ltaly

*Correspondence to: Jutta Ludwig-Miller; Institut fir Botanik; Technische
Universitdt Dresden; Dresden 01062 Germany; Tel.: +49.351.463.33930; Fax:
+49.351.463.37032; Email: Jutta.Ludwig-Mueller@tu-dresden.de

Original manuscript submitted: 03/16/07
Manuscript accepted: 03/16/07

Previously published online as a Plant Signaling & Behavior E-publication:
http://www.landesbioscience.com/journals/psh/abstract.php?id =4152

KEY WORDS

abscisic acid, arbuscular mycorrhiza, auxin
biosynthesis and metabolism, gene expres-
sion, glucosinolates, indole-3-butyric acid,
lateral roots

Addendum to:

Arbuscular Mycorrhiza Enhances Auxin Levels and Alfers
Auxin Biosynthesis in Tropaeolum Majus During Early
Stages of Colonization

Jentschel K, Thiel D, Rehn F, Ludwig-Miller J

Physiol Plant 2007; 129:320-33
10.1111/}.1399-3054.2006.00812.x

194

ABSTRACT

Plant hormones such as auxin derivatives are likely signals during the establishment
of an arbuscular mycorrhizal (AM) symbiosis. Although reports on auxin levels during
AM in different plant species are contradictory, the contribution of auxins to the establish-
ment of an AM symbiosis might be an important factor especially for the development of
lateral roots which are the preferred infection sites for the fungi. In addition to evidence
that different auxins could be elevated after colonization with AM fungi, there are also
overlapping gene expression patterns between auxin-treated and AM-inoculated roots
that provide further clues on auxin-triggered colonization events. Using an auxin-inducible
promoter-reporter system it was shown that the reporter was strongly induced in AM
colonized roots, although co-localization with AM fungi was not observed. Our data
are discussed in frame of a model together with other plant hormones which might be
involved in the AM colonization processes.

INTRODUCTION

The complex relationship between host roots and AM fungi requires a continuous
exchange of signals, which results in the proper development of the symbiosis.!"> Plant
hormones are signal molecules known to regulate many developmental processes in
plants and are therefore suitable candidates to function in the colonization process.>
However, the literature on auxin levels during AM shows controversary results. There
are several examples for an increase in auxins after inoculation of roots with AM fungi
56 or soybean.” In maize mainly indole-3-butyric acid (IBA) increased,>®
whereas indole-3-acetic acid (IAA) remained unaltered.>? In soybean IAA levels were
higher in AM roots than in controls.” However, no changes in IAA levels were observed in
leek and tomato.'®!! Auxins, in particular IBA, may facilitate the colonization of a host
by increasing the number of lateral roots as preferential colonization sites for the fungi
during early growth phases.’ In accordance with this hypothesis the most active mycelium,
characterized by fungal enzyme activities, was found in newly formed lateral roots.!? The
increase in lateral root development in maize roots colonized by AM fungi coincided with
an increased IBA level and the phenotype of mycorrhizal maize roots could be mimicked
by exogenously applying IBA to non-mycorrhizal roots.> Addition of an inhibitor of
IBA-induced root growth and lateral root induction reduced endogenous free IBA and the
percentage of colonization in mycorrhizal roots.> To further elucidate the role of different
auxin derivatives we have chosen additional plant species as model organisms.

such as maize

AUXIN LEVELS AND AUXIN BIOSYNTHESIS ARE CHANGED DURING AM
FORMATION

Tobacco plants transformed with the auxin inducible promoter GH3 fused to the
GUS reporter gene were used to investigate whether AM structures co-localize in cells
indicative of auxin accumulation. Although the GUS activity increased significantly in
AM inoculated roots, there was no obvious correlation between GUS expression patterns
and fungal structures.!?

Nasturtium (7ropaeolum majus L.) is an interesting species in which to study the
relationship between auxin and glucosinolate (GSL) metabolism as well as the role of
these compounds during symbiosis, due to its relative simple GSL pattern compared to
other plant species.'* Despite the fact that high levels of benzylglucosinolate are present
in roots of nasturtium, the colonization rate with different AM fungal species was
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Figure 1. (A) Free IAA and IBA levels during AM development in Medicago
truncatula given as ratio infected to control roots. All values above 1 (dotted
line) indicate an increase in AM roots compared to controls. (B) Auxin and
AM:-induced gene expression of selected genes identified by microarray
analysis monitored in Medicago fruncatula. The elongation factor EF 1o
was used as housekeeping gene. Free auxins were defermined as previ-
ously described.!3 Total RNA was prepared using the TRIZOL® (Invitrogen,
Carlsbad, CA, USA) method according to the manufacturer’s instructions
from 100 mg fresh weight of each sample. RT-PCR was carried out with
the following primers: MtEFlo sense 5-CAATGTGAGAGGTGTGGCAAT
C, antisense 5-GGAGTGAAGCAGATGATCTGTTG; Mileghem sense 5'-
AGAGAAATTGGGTTTCACAGAGA, antisense 5'-TAACTCATTGCTTTCTTAAT
TGCAC; MtHANTsense 5'-TCG GAATGCGAGGAAGATTA, antisense 5-AAAG
CATGGGAAATTCATTAGC; MtChit sense 5'-GTAACGGTCAAACCCCTGAA,
antisense 5'-CGCACTATGGGGGATAAAAG.

comparable to non-GSL plant species.!4 We have shown that the levels
of three auxins native to this plant!® change during early stages of AM
colonization, but with different patterns.13 Benzylglucosinolate, the
main GSL of 7. majus was also increased during AM colonization.'4
Very early free IAA and IBA were lower in infected than control
roots, whereas phenylacetic acid (PAA) levels were higher in infected
roots than in controls. At later stages PAA was reduced in colonized
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roots, whereas especially IBA was increased compared to controls.!?
Even though many microorganisms synthesis auxins, in hyphae
of Glomus intraradices none of the above auxins were detectable,
although Glomus spores contained minute amounts of IAA.® The
biosynthesis routes for IAA, IBA and PAA were investigated using
heavy labeled isotopes as precursors in control and AM-inoculated
nasturtium roots. While not much difference was found in the
IAA labeling pattern between controls and AM inoculated roots at
both time points, IBA synthesis was slightly higher in AM roots.
Double labeling experiments showed that two distinct pathways, a
tryptophan-dependent and a tryptophan-independent biosynthetic
pathway contributed to the synthesis of IAA in 7. majus roots but
neither was preferentially induced during AM colonization.'?

AUXIN- AND AM-INDUCED GENE EXPRESSION

The mycorrhization of roots of the model legume Medicago
truncatula resulted in increased levels of IBA (Fig. 1). This increase
was already visible prior to detectable intraradical structures and
continued up to 42 days after inoculation. A slight transient increase
of TAA was observed at the onset of AM structures in the roots. For
several genes an overlap in the expression after treatment with IBA
and AM colonization was found (Fig. 1). A transcript for leghemo-
globin was upregulated in AM colonized roots as well as after IAA and
IBA treatment. Leghemoglobins have high affinity for oxygen and
play an important role during N, fixation in the Rhizobium-legume
interaction.!® Although their function during AM symbiosis is not
yet clear, increased expression of the leghemoglobin gene V/L529
from Vicia faba was also demonstrated in AM inoculated roots.!”
Contrary, a transcript for a high affinity nitrate transporter was
downregulated in AM roots and after treatment with both auxins.
However, since nitrate transporters are present in large gene families,
differential expression of individual transporters is highly likely and
other members of the family might respond different. A member of
an endochitinase family was down-regulated by mycorrhizal coloni-
zation and TAA treatment but not affected after application of IBA
to Medicago roots, indicating that the control of the defense response
is important. This could be an example where the two auxins
regulate different plant responses. Together, these results suggest that
increased auxin levels and subsequent auxin-induced gene expression
might contribute to the phenotypical changes during mycorrhizal
colonization (Fig. 2).

A SELF REGULATORY INFECTION CYCLE?

Various plant species react with an increase of auxins to inocula-
tion with AM fungi. In maize it was shown that IBA is the major
auxin induced during AM colonization. In addition to free IBA
conjugate formation was also observed (Fig. 2).613 IBA levels can
be induced by abscisic acid (ABA) as demonstrated in maize.'8
Since Glomus intraradices contains considerable amounts of ABA in
hyphae, the AM fungus might control IBA biosynthesis of its host
via hormonal signals. This is in accordance with increased ABA levels
in AM inoculated roots of maize,'? nasturtium and Medicago trunca-
tula. The auxin signal is then transferred via signalling components,
for example the auxin binding protein ABP12° which can be induced
by IBA and AM in maize.® This signal then leads to auxin-induced or
-repressed gene function necessary for AM establishment. Together
with other hormones such as cytokinins and jasmonate?!:?? this
will result in an increased growth promotion of inoculated plants
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Figure 2. A model for hormone action in arbuscular mycorrhizal symbiosis. The model is a compilation from different plant species. It is based on the model
previously proposed by Kaldorf and Ludwig-Miiller,% incorporating findings from the present study and other investigations.®”:13.18.22 More explanations

are given in the text.

and/or the development of the fungus. Finally, the increased auxin
levels lead to the formation of more lateral roots which constitute
preferential penetration sites for the AM hyphae, thus closing the
infection cycle. Future research has to provide functional proof for
these hypotheses.
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