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Abstract A small protein, designated Myk15, was found
to be strongly induced in wheat (Triticum aestivum) roots
colonized by the arbuscular mycorrhizal fungus Glomus
intraradices. This protein, which is most abundant in root
fractions characterized by strong mycorrhizal coloniza-
tion, has been characterized using two-dimensional poly-
acrylamide gel electrophoresis and microsequencing. It has
an apparent molecular mass of 15 kDa and an isoelectric
point of 4.5. The N-termina sequence has high similarity
to a peptide sequence deduced from an expressed sequence
tag (EST) clone derived from Medicago truncatula roots
colonized by G. intraradices. This EST clone is predicted
to code for a protein with a similar size and isoelectric
point as Myk15. The N-terminus of the deduced
M. truncatula protein contains a highly hydrophobic
stretch of 24 amino acid residues preceding the region
with high similarity to the Myk15 N-terminus. This hydro-
phobic stretch is predicted to form atransmembrane a-helix
and may correspond to a cleavable targeting domain.
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Introduction

The molecular basis of functional mycorrhizal symbiosis
is virtually unknown. One approach used to understand
the temporal and spatia control of mycorrhiza-responsive
genes is the anaysis of protein patterns in mycorrhizal
roots, which reflect global gene expression. This has exten-
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sively been performed in the past (e.g. Dumas-Gaudot et al.
1994; Simoneau et a. 1994; Samraet a. 1997; Benabdellah
et a. 1998; Dass et a. 1999). In most cases, however,
these studies did not lead to new insights into the metabolic
regulation of the root-fungus interactions. This will most
likely change in the near future because a growing number
of expressed sequence tag (EST) clones will be available
for the mycorrhizal model plant Medicago truncatula.
This datawill facilitate the analysis of proteins in amounts
not suitable for conventional microsequencing techniques
(Dumas-Gaudot et al., in press). For wheat (Triticum
aestivum), similar approaches are not feasible and only a
few studies using two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) of root proteins have been
described for this plant (Ouerghi et a. 2000).

In the course of our studies on the molecular regulation
of arbuscular mycorrhizas, we observed the massive
accumulation of a small mycorrhiza-responsive poly-
peptide, named Myk15. In the present communication
we report on the characterization of this protein.

Materials and methods

Plant material and arbuscular mycorrhizal fungus inoculation

Wheat plants (T. aestivum L. cv. Caprimus) were grown from
grains (Walz, Stuttgart) in growth chambers in 0.5 plastic pots
(1 plant pot?) filled with expanded clay (Lecaton, 2-5 mm particle
size; Fibo Exclay Deutschland, Pinneberg). The plants were inocu-
lated with the arbuscular mycorrhizal fungus Glomus intraradices
Schenck & Smith by the application of propagules in expanded
clay (isolate 49, provided by H. von Alten from the collection of
the Institut fur Pflanzenkrankheiten und Pflanzenschutz der
Universitdt Hannover, Germany). Details of plant growth conditions
have been described previously (Maier et al. 1995). Approximate
values of colonization frequency (%) were estimated by counting
the proportion of 30 root pieces (2 cm) with mycorrhizal structures
(arbuscules, vesicles, spores) after staining with trypan blue in
lactophenol according to Phillips and Hayman (1970).

Dissection of root systems and protein extraction

The root systems were either dissected according to Fester et al.
(1999) or extracted in toto. Dissection concentrated on two easily
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distinguishable root fractions: young roots (about 2 weeks old)
with few signs of beginning mycorrhizal colonization, and lateral
roots from 3- to 4-week-old roots with established fungal coloni-
zation. For further characterization of the root fractions see Fester
et al. (1999). Dissected roots from severa plants were pooled in order
to obtain enough material for protein extraction. Non-mycorrhizal
roots served as controls.

Protein extraction was performed with at least 200 mg fresh
roots and at 4°C throughout the whole procedure. Roots were
ground in amortar in liquid nitrogen and the homogenate suspended
in 100 mM N[2-hydroxyethyl]piperazine-N'-[ 2-ethanesul phonic
acid] (pH 7.2), 250 mM sorhitol, 5 mM mercaptoethanol and
0.1% (w/v) phenylmethylsulphonyl fluoride. The suspension was
filtered through one layer of Miracloth, the filtrate centrifuged
first for 5 min at 1,500 g and then for 1 h at 100,000 g. The super-
natant of this centrifugation step (100 S supernatant) contained the
soluble protein fraction that was further analysed.

The protein content of the soluble fraction was determined
according to Bradford (1976). Then proteins were precipitated
according to Petersen (1977) by adding 100 pl sodium desoxycho-
late and 120 pl trichloroacetic acid to 1 ml protein solution and
incubating for 20 min on ice. After centrifugation (10 min,
5,000 g) the pellet was washed twice with acetone (—20°C). The
pellets were dried in vacuo and finally suspended in 8 M urea
containing 0.5% (w/v) Triton X-100, 0.5% (v/v) Pharmalyte 3-10
and 0.2% (w/v) dithiothreitol.

Electrophoretic methods

The first dimension of 2D-PAGE was performed according to the
Pharmacia manua using Immobiline DryStrip gels (pH 3-10,
length 11 cm; Pharmacia), a 2117 Multiphor electrophoresis unit
(LKB, Pharmacia) and a 2297 Macrodrive 5 constant power supply
(LKB, Pharmacia). The second dimension was performed using
either ExcelGel precast gels gradient 8-18% (Pharmacia) or the
Protean 11 xi Cell (Bio-Rad) and the discontinuous buffer system
according to Laémmli (1970). The separating gel contained 12%
(w/v) acrylamide, with an acrylamide/bisacrylamide ratio of
37.5:1. First dimensions were washed as described in the Pharmacia
manual, layered between the two glass plates (0.75-mm spacers),
before preparing the second dimension. Gels were stained as
described in the PlusOne Silver Staining Kit, Protein manual from
Pharmacia. Molecular weights and isoelectric points (pl values)
were determined using the 2D sodium dodecyl sulphate (SDS)-
PAGE standards from Bio-Rad.

1D-PAGE [separating gels with 15% (w/v) acrylamide, acryl-
amide/bisacrylamide 37.5:1] was performed according to Laémmli
(1970) using Hoefer Mighty Small SE250 apparatus. Proteins
were blotted to a polyvinylidene difluoride (PVDF) membrane
using a Mini Trans Blot Cell (Bio-Rad) and 49 mM TRIS, 39 mM
glycine (pH 9-9.4), 0.037% (w/v) sodium lauryl sulphate (SDS)
and 20% (v/v) methanol by applying 100 V for 1 h. Blots were
stained by 0.1% Coomassie Brilliant Blue in 50% (v/v) methanol,
10% (v/v) acetic acid and destained by applying the same solution
without Coomassie Brilliant Blue. Bands were excised and sub-
jected to sequencing.

Protein sequencing and database analysis

For N-terminal sequencing, the protein blotted to PVDF was anal-
ysed in an Applied Biosystems 494A sequencer with standard
pulsed liquid cycles. For internal sequences, Coomassie-stained
SDS-PAGE bands were digested with modified trypsin (Promega)
in 25 mM ammonium bicarbonate at 37°C overnight. Peptides
were separated on a reversed-phase capillary column (Aquapore
OD, 0.5 mmx150 mm) and fractions were spotted onto Biobrene-
treated glass fibre filters and sequenced on an Applied Biosystems
494A sequencer. Sequences were analysed using the HUSAR
package from the Biocomputing Service Group at the Deutsches
Krebsforschungszentrum, Heidelberg (http://genius.embnet.dkfz-
heidel berg.de/).

Results and discussion

1D-PAGE revealed a protein of 15 kDa, named Myk15,
which accumulated dramatically in mycorrhizal (70%
colonization) wheat root systems (Fig. 1A, lanes 1 and
3), whereas only small amounts were observed in non-
mycorrhizal roots (Fig. 1A, lanes 2 and 4). After 1D-PAGE
and blotting onto a PVDF-membrane, Myk1l5 was
subjected to N-terminal sequencing as well as to tryptic
digestion and sequencing of the tryptic fragments. We
obtained an N-terminal sequence with 27 amino acids
and an interna stretch of 16 amino acids (Fig. 2).

Repeated 2D-PAGE of the soluble protein fraction
from arbuscular mycorrhizal roots showed that Myk15
had a molecular mass of 15 kDa and an isoelectric point
at pH 4.5. Only minor traces of other polypeptides were
visible at the given molecular mass (Fig. 1C), corre-
sponding to the detection of a single N-terminal
sequence after 1D-PAGE. With reference to 1D-PAGE as
well as 2D-PAGE, the electrophoretic mobility of
Myk15 showed some variability, probably due to strong
variations in local protein concentrations. Given the
observation of small amounts of Myk15 in non-mycor-
rhizal wheat roots after 1D-PAGE (Fig. 1A, lanes 2 and
4) and 2D-PAGE (Fig. 1B), afungal origin of the protein
is unlikely. This point could be further substantiated by
amplifying DNA fragments corresponding to Myk15 or
to the respective M. truncatula EST clone from non-
mycorrhizal plant tissue. So far, however, reverse tran-
scription-PCR experiments using various primer combi-
nations and starting materials have failed.

2D-PAGE analysis showed other differences in the
protein patterns of mycorrhizal and non-mycorrhizal
roots, which were difficult to document in a reproducible
way and were not further investigated. After dissecting
the wheat root system in strongly colonized fractions and
those showing first signs of mycorrhization according
to Fester et a. (1999), it was found that Myk15 was
particularly abundant in the strongly colonized root parts
(Fig. 1A, lane 3).

The N-terminal sequence of Myk15 showed 56%
identity and 70% similarity to an EST clone (MtBC37G05,
GenBank accessions AL386938, AL386939) from an
EST library prepared from M. truncatula roots colonized
by Glomus intraradices (http://sequence.toulouse.inra.fr/
Mt/public/EST_sequencing.html, see Fig. 2). Sequence
similarity starts at position 30 of the protein deduced
from this EST clone. A region showing 31% identity and
similarity to the internal sequence of Myk15 starts at
position 90. The protein sequence deduced from the
M. truncatula EST clone preceding position 30 is predicted
to form a transmembrane a-helix and to serve for target-
ing the protein to the ER or to mitochondria (PSORT
program of the HUSAR package). A similar targeting
domain may precede the N-terminus found for Myk15
from wheat and might be cleaved during protein target-
ing and maturation, leading to a soluble protein. The pro-
tein deduced from the EST clone MtBC37G05 consists
of 155 amino acids and is predicted to have a molecular
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Fig. 1A—C Accumulation of Myk15 in mycorrhizal whest (Triticum
aestivum) roots. A Sodium dodecy! sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) showing accumulation of a small
polypeptide in mycorrhizal roots (lane 1, 70% mycorrhizal coloni-
zation) versus non-mycorrhizal roots (lane 2). Protein extracts
loaded in lanes 3 and 4 have been extracted from root fractions
collected according to Fester et al. (1999) representing strongly
colonized (lane 3) regions of the wheat root system and the corre-
sponding regions from non-mycorrhizal plants (lane 4). Lanes 1, 2
and 3 were loaded with 8 pg protein, lane 4 with <4 pg due to avery
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low protein concentration. B, C Silver-stained two-dimensional
(2D)-PAGE (second dimension: ExcelGel precast gel gradient
8-18%, Pharmacia) of 2.5 pg soluble protein from non-mycorrhizal
(B) and mycorrhizal (C) roots. The position of Myk15 (molecular
mass of 15 kDa and pl of 4.5) is indicated by a rectangle. Other
differences in the protein patterns have not been further analysed.
Variations in the electrophoretic mobility of Myk15 (1D-PAGE
and 2D-PAGE) are probably due to the presence of different
amounts of low molecular compounds in the various root fractions
(A) and to strong variationsin local protein concentrations (B, C)

PGETMSIAVTDVHVPD

D FEESE!
INLYTKAGAGXG

M.t. EST: NLPQSYTIGVGVGNSDLGNPLTPLIFSGCTYAVVS

T.a. MyklS:

Fig. 2 Alignment of N-terminal and internal peptide sequences of
Myk15 (T.a. Myk15) with a peptide sequence deduced from an
expressed sequence tag clone (MtBC37G05) derived from mycor-
rhizal Medicago truncatula roots (M.t. EST). The putative trans-
membrane a-helix is shaded in black, similar regions to the
N-terminal and internal sequence are shaded in grey. Identical
amino acids are given in bold, similar onesin italics

mass of 16.7 kDa and an pl of 4.8. Assuming a cleavage
of the protein between positions 29 and 30 (in accordance
with the N-terminus found for Myk15), the mature
protein from M. truncatula would consist of 126 amino
acids and is predicted to have a molecular weight of
13.3 kDaand pl of 4.2.

In summary, Myk15 exhibits sequence homology as
well as a similar molecular mass and pl to EST clone
MtBC37G05 from M. truncatula, which is expressed
under the same physiological conditions, i.e. during
colonization of the plant root by G. intraradices. It is
interesting to note that there are reports of other mycor-
rhiza-responsive proteins with similar characteristics.
For example, in roots of Lycopersicon esculentum aprotein
of 18 kDa and pl of 4.82 has been found (Benabdellah et
al. 1998). In Pisum sativum a protein of 14 kDa and pl of
5.2 was detected (Samra et a. 1997). In mycorrhizal
wheat roots, Myk15 was found to accumulate in consid-
erable amounts in a root fraction which was character-
ized by extensive mycorrhizal colonization, vesicle for-
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mation and by massive accumulation of apocarotenoids
(Fester et al. 1999). Studies have been initiated to
immunolocalize Myk15 in mycorrhizal wheat roots with
the aim of evaluating the possible role of this protein in
the plant-fungus association.
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