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ABSTRACT

Elicitors are molecules known to trigger plant defence
responses against pathogens. In a search for new sources of
eliciting compounds from marine algae, an extract was pre-
pared from green algae, Ulva spp., and its elicitor activity
was established on the model legume, Medicago truncat-
ula. When infiltrated into plant tissues or sprayed onto the
leaves, this extract induced the expression of the defence-
related marker gene PRI0 without provoking necrosis.
Spraying a solution at 500 ug mL™ was sufficient to obtain
maximum induction of PR10 after 2 d. Using a cDNA array
enriched in genes potentially involved in plant defence, the
expression of 152 genes was monitored after one or two
consecutive treatments. A broad range of defence-related
transcripts was found to be up-regulated, notably genes
involved in the biosynthesis of phytoalexins, pathogenesis-
related proteins and cell wall proteins. In contrast, the
expression of primary metabolism-related genes did not
change significantly. Consistent with its effect on defence
gene expression, it was found that prior treatment of M.
truncatula with the Ulva extract protected the plants
against subsequent infection by the pathogenic fungus Col-
letotrichum trifolii.

Key-words: Colletotrichum; disease; environment; fungi;
plant defence; transcriptome.

INTRODUCTION

The ability of plants to defend themselves against patho-
gens depends on several mechanisms that detect invaders
through the perception of signal molecules, also called elic-
itors. Elicitor perception triggers various signalling path-
ways, usually beginning with an influx of calcium and an
oxidative burst, followed by the synthesis of signal mole-
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cules such as salicylic acid, jasmonic acid and ethylene.
Defence-related genes leading to reinforcement of plant
cell walls, accumulation of antimicrobial compounds such
as phytoalexins, and synthesis of proteins with hydrolytic
or inhibitory activities towards microbes are then induced
(Kombrink & Somssich 1995). A wide variety of molecules
can act as elicitors, including oligo- and polysaccharides,
peptides, proteins and lipids (Boller 1995; C6té et al. 1998).

Elicitors have been considered as alternative tools for
disease control in agronomic crops. Marine algae represent
an abundant, naturally occurring source of potential elici-
tors. Improved seed germination, higher yields and
increased resistance to diseases were recorded upon treat-
ment of various plants with algal extracts (Hankins &
Hockey 1990; Jolivet, Langlais-Jeannin & Morot-Gaudry
1991). Due to their activity as plant protectants, it was
proposed that algal extracts, which contain a variety of
unique polysaccharides (Kloareg & Quatrano 1988), might
act as elicitors of plant defence responses. Laminarin, a
linear f-1,3 glucan polymer, and sulphated fucans from
brown algae induce the formation of antifungal compounds
in alfalfa cotyledons (Kobayashi et al. 1993) and several
defence responses in tobacco cell suspension cultures
(Klarzynski et al. 2000, 2003). Carrageenans, which form a
family of sulphated linear galactans found in the cell walls
of many red algae, are potent elicitors of defence in tobacco
plants (Mercier et al. 2001).

For the potential use of elicitors as plant protectants, it
is important to select extracts which: (1) trigger a large
array of defence responses; (2) do not strongly disturb plant
primary metabolism; and (3) ensure protection against dis-
eases. The development of new genomic tools offers the
opportunity to obtain an integrated view of elicitor effects
on the plant transcriptome. Recently, Medicago truncatula,
a close relative to alfalfa, has emerged as a model legume
because it has a small diploid genome, is self-fertile and is
easily transformed (Cook 1999). The range of genomic and
genetic tools available in M. truncatula is rapidly expanding
and diversifying (Oldroyd & Geurts 2001). For example,
the large-scale sequencing of M. truncatula ESTs (Fedorova
et al. 2002; Journet et al. 2002) gives the opportunity to
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study variation of the plant transcriptome in response to
various stimuli.

This article reports on the elicitor activity of an extract
from green algae, Ulva spp., in M. truncatula plants.
Macroarray analyses showed that treatment with the
extract induced changes in the expression of a large number
of plant defence genes. Protection of treated plants against
the fungal pathogen Colletotrichum trifolii is also reported.

MATERIALS AND METHODS
Biological material

Seeds of Medicago truncatula line F83 005.5 (provided by
JM. Prosperi, ENSAM, INRA Montpellier, France) were
surface-sterilized for 5 min in sulphuric acid, rinsed several
times with sterile water and germinated on Petri dishes for
3 d at 15 °C in the dark. Seedlings were transferred to soil
and cultivated in a growth chamber (16 h light at 25 °C,8 h
dark at 20 °C). Green algae Ulva spp., a mixture of several
Ulva species (mostly U. armoricana), were harvested on the
north Brittany coast (France) at Archipel de Bréhat. Col-
letotrichum trifolii Bain and Essary race 1, which was kindly
supplied by M.B. Dickman (University of Nebraska, USA),
was routinely grown on ANM medium (malt extract 2%,
bactopeptone 0.1%, glucose 2%, agar 2%) in the dark at
24 °C in Petri dishes. The conidia were produced on a solid
medium containing glucose 0.28%, MgSO,-7 H,O 0.13%,
KH,PO, 0.27%, pancreatic peptone 0.2%, yeast extract
0.01%, agar 2% at 24 °C (Bannerot 1965). Conidia were
collected from 7-day-old cultures in sterile water and their
concentration was adjusted to 10° conidia cm™ in a solution
containing Tween 20 (0.01% v/v).

The elicitor of the oomycete pathogen, Phytophthora
parasitica var. nicotianae, hereafter called P,, was prepared
as described previously (Roux et al. 1994). Briefly, it con-
sisted of the dialysed ethanol-soluble fraction of an extract
obtained by autoclaving isolated P. parasitica var. nicoti-
anae cell walls.

Preparation of the Ulva extract

Ulva spp. algae (100 g fresh weight) were autoclaved for 2 h
at 110 °C (1.97 atm) in 1 L distilled water and the resulting
extract was filtered through nylon mesh (80 um porosity)
and on a fritted glass funnel with the porosity G2. The
filtrate was concentrated to 150-200 mL under vacuum with
a Biichi rotary evaporator (Biichi, Flawil, Switzerland). The
soluble compounds were precipitated with 2.5 volumes of
ethanol for a period of 48hat —20 °C. The precipitated
compounds were recovered by filtration and lyophilized.
The dry fraction was weighed and dissolved in water.

Chemical analysis of the Ulva extract

The protein content of the extract was estimated according
to the method of Lowry (Lowry et al. 1951) using bovine
serum albumin as a standard protein.

Sugars analysis of the Ulva extract was performed with
a DIONEX high-performance liquid chromatography sys-
tem (Dionex, Sunnyvale, CA, USA) by anion-exchange
chromatography as described by Boudart et al. (1995). The
sugar residues were detected by amperometry with the
Dionex AI450 package, identified according to their reten-
tion time and quantified by reference to commercial stan-
dards (Sigma, Saint-Quentin Fallavier, France). The uronic
acid content was quantified by the meta-hydroxybiphenyl
assay (Blumenkrantz & Absoe-Hansen 1973).

Mineral element analysis was performed by inductively
coupled plasma-atomic emission spectrometry (Jobin Yvon
Ultima, Longjumeau Cedex, France; Montaser & Golightly
1992).

Soluble phenolic compounds were quantified by a colo-
rimetric assay (Singleton & Ross 1965).

Biological assays

Each experiment was carried out at least three times inde-
pendently. The Ulva extract (UE, 1 mg mL™), the P, elicitor
(0.03 mg mL™) or water was infiltrated into leaves of 1-
month-old plants with a syringe without a needle. Macro-
scopic observations of the treated leaves were made before
harvesting them for subsequent RNA extraction.

For spraying experiments, a surfactant, Silwett L-77 (OSI
Specialities, Danbury, CT, USA), was added to a final con-
centration of 0.01% to improve the spreading and wetting
properties of the sprayed solutions. Routinely, the UE and
the control solution (water + Silwett) were sprayed on 10
1-month-old M. truncatula plants (250 uL plant™; 1 mg
mL™). To perform a single treatment, plants were treated
with UE, water or left untreated (controls). Treated plants
were incubated for various periods, and then the leaves
were harvested, immediately immersed in liquid nitrogen
and subsequently used for RNA extraction. To perform two
consecutive treatments, a single UE treatment was applied
and the plants were allowed to recover for 3 d before a
second treatment with UE or water.

For the protection assays, UE treatments were per-
formed on 1-month-old M. truncatula plants as described
previously. Two days after the last treatment, plants were
inoculated by spraying a spore suspension of C. trifolii race
1 (1 mL plant™), covered with a plastic film (Saran; Dow
Chemical Company, Paris-Roissy, France) for 3 d and trans-
ferred to a growth chamber (Firlabo, Meysieu, France) with
22 °C/16 h day and 20 °C/8 h night at saturated humidity
atmosphere. First symptoms were observed at 7 d post-
inoculation (dpi) and photographs were taken with a digital
camera at 15 dpi. One month later, aerial parts of the plants
were harvested and weighed. Statistical analyses were con-
ducted with the STATLETS software which uses ANOVA
method to test for significant differences between means
(http://www.mrs.umn.edu/~sungurea/statlets/statlets.htm).

Total RNA extraction

Total leaf RNA was extracted with 2:1 (v/v) extraction
buffer (0.5 M Tris-HCI, pH 8.2, 0.25 M ethylenediaminetet-
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raacetic acid, and 5% sodium dodecyl sulphate): phenol
solution, followed by two extractions with chloroform and
overnight precipitation with LiCl (3 M final concentration).
The RNA pellet was dissolved in H,O and precipitated with
0.1 volume of 3 M sodium acetate and 2 volumes of ethanol.
The pellet was rinsed with 70% ethanol, air-dried, and dis-
solved in H,O. RNA concentrations were measured spec-
trophotometrically at 260 nm.

RNA gel blot analysis

Each experiment was carried out three times indepen-
dently. Samples (15 ug total RNA) were denatured at 65 °C
for 10 min in 5 XxRNA buffer (Sambrook, Fritsch & Mani-
atis 1989) prior to electrophoresis in a 1.2% (w/v) agarose-
formaldehyde gel and transfer overnight to a nylon mem-
brane (Hybond N*; Amersham Biosciences, Orsay, France).
Equal loading of the gel was checked by visualization under
UV light (As4m) of ribosomal RNA on the membrane.
Probes were M. truncatula cDNA clones encoding an ara-
binogalactan protein (TC86688), a glutathione S-trans-
ferase (TC85451), an isoflavone reductase (TC85477), a
PRI0-1 protein (TC76513) and a ribonuclease (TC77019).
Probes were labelled with digoxigenin DIG-dUTP (Roche
Diagnostics, Meylan, France) by polymerase chain reaction
(PCR) using T3 and T7 as primers and the DNA of interest
as a template. Hybridization and detection of DIG-labelled
probes were performed according to the manufacturer’s
instructions. Quantification of hybridization signals was
achieved using IMAGEQUANT software (Molecular
Dynamics, Sunnyvale, CA, USA).

Macroarray preparation

The selection of M. truncatula ESTs was based essentially
on their putative involvement in plant defence using the
TIGR (http://www.tigr.org) and the MENS databases
(http://medicago.toulouse.inra.fr/Mt/EST). A complete list
of the genes could be supplied upon request. 165 ESTs
belonging to 144 M. truncatula tentative consensus
sequences (TC) were recovered from MtBA and MtBB
(Gamas, de Billy & Truchet 1998) and MtBC (Journet ef al.
2002) libraries. Eight genomic fragments (TC76726,
TC77277, TC77910, TC77988, TC78214, TC85619, TC85687

Table 1. Primers used to amplify specific TC from the genomic DNA
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and TC85808) were amplified by PCR using M. truncatula
genomic DNA as template and specific primers as indicated
in Table 1. These eight ESTs were then cloned in pPGEM-T
Easy vector (Promega, Charbonnieres, France) and verified
by sequencing. The 173 DNA fragments were amplified by
PCR using universal primers complementary to vector
sequences flanking both sides of the DNA insert.
Amplimers were analysed by electrophoresis for size, qual-
ity and quantity and were adjusted to 0.2-0.5 ug uL™" with
dimethyl sulphoxide 50% (Sigma) and spotted in duplicate
onto positively charged nylon membranes (Hybond N*
Amersham) using a Eurogridder spotting robot (Plate-
forme de Génomique Fonctionnelle, Génopole Toulouse,
France).

RNA preparation, radioactive probes synthesis
and hybridization

Total RNA was extracted as described above and RNA
quality and quantity were assessed with the OD,5/ODyg
measurement and gel electrophoresis. Reverse retrotrans-
cription was performed from 40 ug of total RNA with the
SuperScript First-Strand Synthesis System for RT-PCR
(Invitrogen Life Technologies Cergy Pontoise Cedex,
France) according to the manufacturer’s instructions using
500 mCi mmol™ of [e-PP]dCTP (Amersham Pharmacia
Biosciences) to generate radioactive probes. Macroarray
pre-hybridization, hybridization and washing were per-
formed as described on the Génopdle Toulouse web site
(htpp://genopole.toulouse.inra.fr). Subsequently, mem-
branes were exposed to a Phosphor Screen (Molecular
Dynamics) for at least 48 h and scanned by a Storm 840
PhosphorImager (Molecular Dynamics).

Data acquisition and analysis

Data acquisition and quantification were performed with
IMAGEQUANT software (Molecular Dynamics). To calcu-
late the signal intensities for each spot, a grid was overlaid
on the array image and the total intensity of all pixels within
each grid was determined.

Normalization procedures were based on the following
criteria: (1) subtraction of local background; (2) adjust-
ments of spots lower than background to two times back-

TC TIGR? Forward primer (5’-3") Reverse primer (5°-3")

TC76726 TCAAATTCTCAATTGCCAAGG CAGTCACTTGTCCAACCATACC
TC77277 TGTGACAACAAGACAGAATTGG GCTCTCTCTAGCTTCTTCTCTGG
TC77910 ACAGAATTCAAAAGGGTCATCG AGGGTCAAACTCTGGTAACTCC
TC77988 TATCTGAGGGCTTGGGAACG GCCATTGAGGAGTAGAAATCG
TC78214 CATTCCAATGAGATTTTCAGG GTTGATGCAGAACAAGCTAACG
TC85619 CCACATGGCCTAAAACTAGC CTAGAACAAGGACTTTAGTGACC
TC85687 ATTAGGGCTCTCTCTGACTTGG ACATGAGAAATGGAGTCTGAGG
TC85808 TTTACTGTCATGTGGTGGAACC AGCAGAAAGCAATTAGCAAAGG

“TC TIGR, tentative consensus no. according to The Institute of Genome Research
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ground value; (3) signal averaging of the two duplicate
spots of the same EST and of the spots of ESTs included
in the same TC, if the values did not differ by more than
5%:; (4) adjustments for differences in the exposure back-
ground between membranes; and (5) normalization based
on the spots of seven house-keeping genes (TC51283,
TC76508, TCB84558, TC85141, TC85160, TC86260,
TC86577) to remove labelling differences and to control
the effects of environmental conditions.

Quality assessments were done to compare the reproduc-
ibility of the result by statistical algorithms described by
Beissbarth ez al. (2000). Within a given experiment (dupli-
cate spots of the same EST), the plot of log-2 expression
ratios corresponding to the treated and control plants (LR)
obtained from the duplicate spots was produced and it was
found that 95% of the values fell inside the standard devi-
ation equivalent to LR 0.65 (% 1.6-fold) so the data were
reproducible. The same strategy was used to test the vari-
ability between experiments (three independent experi-
ments): 75% of the signals were within LR 0.65. The data
from independent experiments using RNA from plants
grown in the same conditions and harvested over a period
of 1 year showed greater variability. Similar variations have
been observed in other microarray experiments (Kawasaki
et al. 2001; Liu et al. 2003). For this reason, the average for
the spots from the three independent experiments was not
calculated. Accordingly, the ratio of the adjusted signal in
treated/control plants for each gene was calculated sepa-
rately in each independent experiment. To be considered
significantly induced or repressed (ratios over 1.5-fold or
under 0.5-fold, respectively), a gene had to be differentially
expressed in the same way in at least two out of the three
independent experiments.

Hierarchical clustering was performed using LR by
HIERARCHICAL CLUSTERING EXPLORER 2.0 software
(Seo & Shneiderman 2002), available at http:/
www.cs.umd.edu/hcil/hce, using complete linkage. A table
of all up-regulated genes (> 1.5-fold) is provided in the
Appendix.

RESULTS

The Ulva extract triggers the induction of a
defence-marker gene

To prepare the Ulva extract (UE), fresh Ulva spp. algae
were autoclaved in water, and the resulting solution was
filtered and concentrated. The soluble material was precip-
itated with ethanol, lyophilized and dissolved in water.
Total proteins, sugars, mineral elements and phenolics were
measured. This preparation contained mainly sugars (43%
neutral sugars and 17% uronic acids). Rhamnose was the
most abundant neutral sugar residue but xylose and glucose
were also present. The sugar composition of the UE
showed typical features of a green algal polysaccharide,
named ulvan, whose main constituent is a disaccharide unit,
B-D-glucuronosyluronic acid (1—4) L-rhamnose 3 sulphate
(Paradossi et al. 1999). Low amounts of proteins and phe-

nolics were detected. Analysis of mineral elements revealed
the presence of sulphite ions (20%) and sulphur (8%).

As a first approach to look for elicitor activity, the UE at
a concentration of 1 mg mL™ was infiltrated into M. trun-
catula leaflets or sprayed onto plants. An elicitor fraction
(P,), prepared from the tobacco pathogen Phytophthora
parasitica var. nicotianae (Rickauer et al. 1990) served as
control in the bioassay. Both the UE and P, similarly
induced the expression of the pathogenesis-related marker
gene PRI0 (TC76513; Fig. 1a). However, only the elicitor
P, produced necrosis, whereas the UE, similar to water, did
not show any phytotoxic activity even when infiltrated into
the leaflets (Fig. 1b).

The effect of spraying dilutions of UE onto M. truncatula
plants was followed by analysing PRI0 gene expression. As
shown on Fig. 2a, the response of PRI0 was dose and time
dependent. A UE concentration of 0.1 mg mL™ was suffi-
cient to slightly induce the expression of PR10. Induction
of PRI10 lasted for 8 d at least and was still observable 15 d
after treatment with the UE at concentrations of 0.25, 0.5
and 1 mg mL™.

To investigate whether prior treatment with the UE
could potentiate the response to a further treatment, the
UE was first sprayed on the leaves of 1-month-old plants,
and then again 3 d later, on the same leaves. A solution
containing 0.01% Silwett L-77 was sprayed as a control (S).
The leaves were harvested 2d after the last treatment.

C UE P,
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Figure 1. The Ulva extract (UE) induced expression of a patho-
genesis-related gene (PRI0) without necrotizing activity. (a)
Northern blot analysis of PR10 (TC76513) was performed 2 d post-
treatment of M. truncatula plants. UE (UE, 1 mg mL™), P, elicitor
(P,,0.03 mg mL™") or water were either infiltrated into leaves (lane
1) or sprayed (lane Sp) onto leaves. (b) 15 uL of UE, P, or water
(control) were infiltrated into leaflets at a concentration of

1 mg mL™" and 0.03 mg mL™, respectively. The photographs were
taken 7 d after infiltration. Representative data of three indepen-
dent experiments are shown. Necrotic lesions induced by the elic-
itor P, are shown by arrows.
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Figure 2. Effect of Ulva extract (UE) at increasing concentra-
tions on PRI0 gene expression. One-month-old M. truncatula
plants were treated with UE at different concentrations. Northern
blot analysis of PRI10 (TC76513) was performed on leaves har-
vested: (a) 2,4, 8 and 15 d after a single treatment; and (b) 2,4,7
and 10 d after two consecutive treatments. In the latter case, UE
was sprayed at 1 mg mL™" and the second treatment was performed
3 d after the first one, resulting in: two UE treatments (UE + UE);
one UE and one control treatment (UE + S); one control and one
UE treatment (S + UE), and two control treatments (S + S).

Figure 2b shows that expression of PRI0 was strongly
induced by either one or two consecutive treatments with
the UE compared with two consecutive treatments with the
control solution alone. No differences in signal intensity
were noticed between one or two treatments with UE.
However, whereas the expression of PRI(0 started to
decrease after 7 d in the case of one treatment, it was pro-
longed at least up to 10 d when the UE was sprayed twice.

The Ulva extract induces a broad range of
defence-related genes

Expression profiling of M. truncatula ESTs related to
defence, signalling and primary metabolism was studied
through macroarray analysis. A total of 165 ESTs origi-
nated from three cDNA libraries made from mRNA of M.
truncatula roots (Journet et al. 2002) and eight DNA frag-
ments were amplified with specific primers from M. trunca-
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tula genomic DNA. This set of ESTs represented 152
tentative consensus sequences (TC) encoding proteins
involved in different aspects of plant defence (phytoalexin
biosynthesis, cell wall proteins, PR proteins, oxylipin and
ethylene pathway, senescence-HR and abiotic stresses) and
proteins involved in nitrogen and carbohydrate metabo-
lism, house-keeping proteins and also nodulins. The leaves
of 1-month-old plants were treated once or twice with the
UE as described above. Total RNA was extracted from at
least 10 plants. Data acquisition and analysis were per-
formed as indicated in Materials and Methods.

A global representation of the changes detected on mac-
roarrays is depicted in Fig.3. Compared to the control
treatment, one and two consecutive UE treatments clearly
induced the expression of several genes to a similar extent.
A single UE treatment (UE) induced genes in all functional
categories (Table 2) except one (ethylene), and two consec-
utive UE treatments (UE + UE) induced slightly more
genes than one UE (29 versus 25%). About half of the
genes induced by a single UE (UE + S) were still induced
5 d later. Only a few genes, namely the chitinase TC85427,
the ascorbate peroxidase TC76384, the lipoxygenase
TC85619 and the ribonuclease TC77019 were repressed.
Interestingly, UE treatment induced several genes encod-
ing enzymes involved in primary metabolism; these
included key enzymes involved in nitrogen metabolism,
such as the nitrite reductase, and in carbohydrate metabo-
lism, such as the citrate synthase.

To identify groups of genes with similar expression pat-
terns in UE-treated plants, the macroarray data were clus-
tered via hierarchical clustering explorer (Fig. 4). From this
analysis, it emerged that a large group of transcripts assem-
bled in cluster I was up-regulated by one and two consec-
utive UE treatments. This cluster comprises genes from all
selected functional categories, notably many genes involved
in phytoalexin biosynthesis and genes encoding the PR pro-
teins. Interestingly, in a few cases, genes belonging to the
same functional family were tightly co-clustered as illus-
trated for the five genes related to lipid metabolism com-
prising one phospholipase D  (TC76357), three
lipoxygenases (TC85148, TC85171 and TC84245) and one
desaturase (TC85814). Likewise, three genes involved in
phenylpropanoid and phytoalexin biosynthesis, namely
phenylalanine ammonia-lyase (TC85501), chalcone syn-
thase (TC85169) and chalcone isomerase (TC85633) were
also co-clustered. Cluster II comprises genes induced by a
single treatment but that did not respond to a second UE
treatment. This might reflect a desensitization effect of UE
treatment on some genes. In contrast, a potentiation effect
of UE was illustrated by the genes of cluster III whose
induction occurred only after two consecutive treatments.
Finally, from the clustering analysis it appeared that within
a given treatment, the data from three independent exper-
iments all grouped together, confirming that despite some
variability, the overall results were highly similar.

Changes in gene expression revealed by macroarray
analyses were validated for selected genes by northern blot
analysis. Expression of five M. truncatula cDNAs
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922 S. Cluzetet al.

Figure 3. Global transcript changes upon Ulva extract (UE) treatment represented as a scatter plot of signal intensities (SI). Comparison
of transcript levels from UE treated plants: one UE treatment (UE), two UE treatments (UE + UE), one UE and one control treatment
(UE +8S), one control treatment (S), and two control treatments (S + S). Each data point represents the SI of an individual gene within a
representative experiment (in this case the third experiment). Labelling of axes is in arbitrary units. Dotted diagonal lines represent 1.5-
fold induction/repression ratio cut-offs relative to the best fit line through the normalized data. The relative x/y positions in the scatter plots
indicate the respective transcript level. A location along the diagonal denotes a similar level of transcript expression in treated and control
samples. Data points significantly above or below the diagonal line denote up- and down- regulation as compared to controls.

(TC86688, TC85451, TC85477, TC76513 and TC77019) was
followed after UE, UE+ UE and UE +S treatments
(Fig. 5). The results showed an expression pattern very sim-
ilar to the profile obtained through macroarray analysis.
For example genes encoding PR10-1 (TC76513) and isofla-
vone reductase (TC85477) were induced by the three treat-
ments (UE, UE+UE, UE+S) in both macroarray
analyses and northern blots. Likewise, the gene encoding
glutathione S-transferase (TC85451) was shown to be only
induced after two consecutive UE treatments (UE + UE)
both in macroarray analyses and northern blots. Moreover,

a good correlation was found between treated/control ratio
values obtained by northern blot and macroarray analyses
(Fig. 5 and Appendix).

The Ulva extract protects M. truncatula plants
against the anthracnose fungus C. trifolii

The question as to whether induction of defence reactions
might protect M. truncatula plants against a potential
pathogen was then investigated with C. trifolii, the causal
agent of Medicago anthracnose (Barnes et al. 1969).

Treatment®

Table 2. Number of genes induced by UE

treatment
Number
Gene family of TC* UE® UE + UE* UE +S°
Phenylpropanoid pathway 8 4 2 1
Phytoalexin pathway 10 5 6 4
Cell wall protein 17 6 7 2
Oxidative stress 8 2 3 2
Defence 20 5 5 2
Senescence-HR 3 1 1 1
Ethylene 2 0 0 0
Oxylipin pathway 23 1 7 0
Nitrogen pathway 6 2 4 0
Carbohydrate pathway 19 3 2 1
Abiotic stress 3 1 0 0
Signal transduction 8 4 0 0
Nodulin 6 0 1 0
Others 8 1 3 3
Total 141 35 41 16

*These values correspond to the number of TC (TIGR Tentative Consensus sequence) in
each gene family. "Values are means of three independent treatments, corresponding to the
number of induced genes from Ulva extract (UE)-treated plants. Only genes induced (ratio
> 1.5) in two independent experiments were included. ‘One UE treatment (UE). ‘Two UE

treatments (UE + UE). *One UE and one control treatment (UE + S).
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Figure 4. Hierarchical clustering of M. truncatula genes after the
Ulva extract (UE) treatment. One-month-old M. fruncatula plants
were submitted to one UE treatment (UE), two consecutive treat-
ments (UE + UE) or one UE treatment followed by the control
solution (UE + S). The treated/control ratios were calculated. For
simplicity,only the genes (63) for which the transcript levels changed
substantially in at least two replicates were included. Genes were
ordered using the HCE clustering program (see Methods) using the
complete linkage method. Each gene is represented by a single row
of coloured boxes, and each treatment is represented by a single
column. Induction (or repression) ranges from pale to saturated red
(or green). The results of three independent experiments are shown
for each treatment. Cluster I includes genes induced by one and two
UE treatments, cluster IT comprises genes specifically induced by a
single UE treatment, cluster III includes genes only induced by two
UE consecutive treatments. TC number and putative function of
the genes are indicated on the right of the figure.

S UE UE
+ + +
S S S UE UE
TC76513
. - .. PRI0-1
2.6 1.7 33
| ; TC85477
b 3 isoflavone
y . reductase
9.1 3.9 7.0
TC86688
arabinogalactan
protein
1.0 2.0 09
TC85451
glutathione
S-transferase
0.6 1.0 1.6
TC77019
. .. ribonuclease
0.9 1.3 0.8
rRNA

Figure 5. Expression pattern of five M. truncatula genes after the
Ulva extract (UE) treatment. Northern-blot analyses were carried
out to verify macroarray results on five selected genes. One single
treatment with the elicitor (UE) or the control solution (S), and
two consecutive treatments with the elicitor (UE + UE) or the
control solution (S + S) were performed. Leaves were harvested
48 h after the last treatment. The ratios of treated/control signals
were quantified as described in Materials and Methods, and are
provided at the bottom of each blot. Equal loading was checked
by visualization under UV light (As54,m) Of ribosomal RNA stained
with ethidium bromide on the membrane.
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Figure 6. Protection of M. truncatula
plants against Colletotrichum trifolii in
response to Ulva extract (UE) treat-
ment. UE was sprayed (one or two
consecutive treatments) onto 1-
month-old plants and 48 h later, plants
were either inoculated with a suspen-
sion of conidia of C. trifolii race 1 or
left healthy. H, healthy plants; I, inoc-
ulated and untreated; UE, one single
treatment with the Ulva extract;

UE + UE, two consecutive UE treat-
ments; UE + S, one UE treatment fol-
lowed by the control solution; S + S,
two control treatments. (a) Photo-
graphs were taken 15 d post-inocula-
tion and are representative of three
independent experiments. (b) One
month post-inoculation, the aerial part
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of the plants was harvested and
weighed to estimate water loss. The
data are expressed as percent fresh
weight of healthy unsprayed plants
and are the average of three indepen-
dent experiments. Bars

indicate + mean deviation. Differences
between UE (UE, UE + UE) and con-
trol treatment (S + S) are statistically
significant at the 95% confidence level
as determined by the ANOVA method.
The UE + S treatment gave an inter-
mediate result which is not signifi-

I S+S UE UE+S

A compatible interaction was observed between C. tri-
folii race 1 and the M. truncatula F83005.5 line. The effect
of one and two UE treatments on this interaction was eval-
uated. Plants were inoculated 2 d after the last UE treat-
ment. Results representative of three independent
experiments are shown in Fig. 6. Fifteen days after inocula-
tion, the aerial parts of untreated plants were totally
necrotic and most plants died (Fig. 6a, I). Control treat-
ments (S+S) led to some decrease of symptom severity.
However, a nearly complete protection was obtained after
one (UE) or two consecutive (UE + UE) treatments with
UE. A UE treatment performed 5d before inoculation
(UE +S) did not confer a significant protection compared
to control treatment (S + S).

Consistent with macroscopic observations, untreated and
control inoculated plants had lost about 70 and 50%,
respectively, of their fresh weight in comparison with
healthy plants, whereas only 20 and 10% losses were
observed after one or two UE treatments, respectively
(Fig. 6b).

UE+UE H

cantly different from the control
treatment.

DISCUSSION

Elicitation of defence mechanisms is assumed to be a pow-
erful approach for controlling plant diseases and to be an
alternative to environmentally undesirable chemical con-
trol. The aim of this work was to find a new elicitor extract
from green algae and to investigate its effect on an array of
plant genes closely related to defence. Although it was
already known that brown and red algae contain polysac-
charide elicitors such as laminarins, carrageenans and sul-
phated fucans (Kobayashi er al. 1993; Mercier et al. 2001,
Klarzynski et al. 2003), the presence of elicitors in green
algae has not been reported. Our extraction protocol was
designed to obtain soluble cell wall components of Ulva
spp. and was very similar to the one recently reported by
Paradossi et al. (1999) developed to purify ulvans. Accord-
ingly, analysis of the UE revealed the presence of the char-
acteristic soluble sugars of this alga (rhamnose, uronic
acids, xylose). The absence of fucose was expected, since
green algae, unlike brown algae, do not contain fucans.

© 2004 Blackwell Publishing Ltd, Plant, Cell and Environment, 27,917-928



To study the elicitor activity of the UE, the model legume
M. truncatula was chosen. A macroarray mainly composed
of defence-related genes was constructed and expression
profiling studies on these genes were undertaken after
direct spraying of UE on M. truncatula leaves. Induction of
the PRI10-1 marker gene was significant at 0.1 mg mL™" and
saturated at 0.5mgmL™ of UE. The concentration of
1 mg mL™" that we routinely used was in the same range as
those previously reported for other elicitors such as lami-
narin and carrageenan (Mercier et al. 2001; Aziz, Heyraud
& Lambert 2003). A significant proportion of defence-
related genes was up-regulated after one UE treatment, i.e.
25 and 11% at 2 and 5d post-treatment, respectively.
Among them, genes encoding key enzymes involved in
phytoalexin and phenylpropanoid biosynthesis (phenylala-
nine ammonia-lyase, chalcone synthase, isoflavone reduc-
tase, caffeic acid O-methyltransferase) as well as several PR
genes (chitinase, PRI and PRI0-1) were particularly
induced. These effects are shared with other algal com-
pounds. Linear -1,3 glucans (Klarzynski ez al. 2000), sul-
phated fucan oligosaccharides (Klarzynski et al. 2003) and
carrageenans (linear galactans; Mercier et al. 2001) induce
similar responses in tobacco. In addition it was shown that
UE treatment up-regulated other defence genes whose
induction by marine algal elicitors was not previously
reported, notably genes encoding cell wall proteins, calm-
odulin, ribonuclease, aquaporin and HSR203. Previous
reports have indicated that these genes respond to elicitor
treatments and/or pathogen attack (Oppermann, Taylor &
Conkling 1994; Chappell et al. 1997; Galiana et al. 1997,
Garcia-Muniz, Martinez-I1zquierdo & Puigdomenech 1998;
Ali et al. 2003).

Induction of defence might proceed at the expense of
other forms of metabolism. However, after UE treatment,
genes involved in carbon and nitrogen metabolism were not
down-regulated. Some genes such as those encoding nitrite
reductase and citrate synthase were up-regulated. These
observations suggest that upon elicitation with the UE, M.
truncatula plants did not reduce primary metabolism.

Consistent with its strong elicitor activity, the UE trig-
gered the protection of M. truncatula plants against the
fungal pathogen C. trifolii. Since an in vitro assay showed
that the UE had no effect on C. trifolii development (S.
Cluzet, unpublished results), it can be assumed that the
protection was only due to the elicitor activity of the UE.
This acquired protection is consistent with the observation
that B-glucans isolated from brown algae protect wheat
against Septoria tritici and Erysiphe graminis, and reduce
tobacco infection by the soft rot pathogen Erwinia caroto-
vora ssp. carotovora (Joubert et al. 1998; Klarzynski et al.
2000). Two consecutive UE treatments protected plants
more efficiently than one single treatment, in agreement
with the fact that PRI0-1 gene expression persisted 7 d
after one single UE treatment and at least 10 d after two
consecutive UE treatments. It is worth mentioning that two
consecutive UE treatments induced several genes that were
not affected by a single treatment, particularly genes
related to the oxylipin pathway and genes encoding a glu-
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tathione S-transferase and an isoflavone reductase. This
capacity to respond to a pre-treatment is known as poten-
tiation or priming (Conrath, Pieterse & Mauch-Mani 2002).
Necrotizing pathogens or chemical inducers of resistance
(Ryals et al. 1996) as well as non-pathogenic rhizobacteria
(van Loon, Bakker & Pieterse 1998) have been shown to
trigger potentiation.

This work reports for the first time the use of macroarray
analyses to characterize the elicitor activity of a marine
algal extract. The results show that the UE is an efficient
elicitor of multiple defence responses in M. truncatula
plants. Moreover, a nearly complete protection against C.
trifolii, the causal agent of anthracnose disease, was
obtained. Since UE is not phytotoxic and does not seem to
alter the primary plant metabolism, it may constitute a new
source of elicitors for cost-effective, durable, and environ-
mentally friendly disease control.
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