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Cell Wall Chitosaccharides Are Essential Components and Exposed
Patterns of the Phytopathogenic Oomycete Aphanomyces euteiches’
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Chitin is an essential component of fungal cell walls, where it forms a crystalline scaffold, and chitooligo-
saccharides derived from it are signaling molecules recognized by the hosts of pathogenic fungi. Oomycetes are
cellulosic fungus-like microorganisms which most often lack chitin in their cell walls. Here we present the first
study of the cell wall of the oomycete Aphanomyces euteiches, a major parasite of legume plants. Biochemical
analyses demonstrated the presence of ca. 10% N-acetyl-pD-glucosamine (GIcNAc) in the cell wall. Further
characterization of the GlcNAc-containing material revealed that it corresponds to noncrystalline chitosac-
charides associated with glucans, rather than to chitin per se. Two putative chitin synthase (CHS) genes were
identified by data mining of an A4. euteiches expressed sequence tag collection and Southern blot analysis, and
full-length ¢cDNA sequences of both genes were obtained. Phylogeny analysis indicated that oomycete CHS
diversification occurred before the divergence of the major oomycete lineages. Remarkably, lectin labeling
showed that the Aphanomyces euteiches chitosaccharides are exposed at the cell wall surface, and study of the
effect of the CHS inhibitor nikkomycin Z demonstrated that they are involved in cell wall function. These data
open new perspectives for the development of antioomycete drugs and further studies of the molecular

mechanisms involved in the recognition of pathogenic oomycetes by the host plants.

The microbial cell wall is involved in growth, development,
signaling, and interaction with the environment. It represents
an essential structure conferring osmotic protection and main-
taining cell shape. In pathogenic microorganisms, the cell wall
is a reservoir of molecules involved in host recognition, adhe-
sion, and colonization. It also contains major antigens that
elicit innate immunity in animals and plants, and it is a target
of host defense responses (43, 58, 82). Analysis of its structure
and composition allows the identification of specific compo-
nents that are attractive targets for the design of antimicrobial
compounds (35). A common constituent of cell walls is chitin,
a crystalline polymer of B-1,4-linked N-acetyl-p-glucosamine
(GlecNAc), which is frequently partially deacetylated, and usu-
ally associated with other polysaccharides and proteins. Chitin
is found only in eukaryotic organisms, usually as a shell or
cuticle component of crustaceans, insects, molluscs, and nem-
atodes, and as an essential cell wall component of fungi. It also
occurs in marine sponges and algae (28, 29) and in various
protists, such as amoebae, ciliates, diatoms, and chrysoflagel-
lates (41). Chitin is thus widely distributed and is the second
most abundant polysaccharide in nature after cellulose, with at
least 10 gigatons synthesized and degraded each year in the
biosphere. However, it is absent from vertebrates and higher

* Corresponding author. Mailing address: UMR 5546, CNRS-Uni-
versité Paul-Sabatier, 24 Chemin de Borde-Rouge, BP 42617,
Auzeville, F-31326 Castanet-Tolosan, France. Phone: 33 (0)5 621 935
18. Fax: 33 (0)5 621 935 02. E-mail: bottin@scsv.ups-tlse.fr.

¥ Published ahead of print on 19 September 2008.

1980

plants and therefore represents a target for the development of
antimicrobial compounds aimed at controlling human or crop
diseases caused by fungi (53, 55, 75).

The oomycetes are a group of diploid eukaryotes that in-
clude the most numerous, most important, and earliest known
water molds (24). Oomycetes were classified for many years
within the kingdom Fungi because of their similar ecological
and morphological traits, but phylogenetic studies have shown
that they are closer to diatoms, chromophyte algae, and other
heterokont protists of the Stramenopile kingdom (5). They
include numerous pathogenic species, such as the major sal-
monid parasite Saprolegnia parasitica (85) and the causal agent
of potato late blight, Phytophthora infestans (44). They share
some common infection strategies with fungi (40, 49) and api-
complexans (11, 38). A feature usually mentioned when dis-
tinguishing oomycetes from true fungi is the presence of cel-
lulose and the absence of chitin in their cell wall (40). This
assumption stems from early studies mainly focused on the
Phytophthora cell wall (6, 7) and was recently reinforced by the
demonstration that cellulose synthesis is required for normal
appressorium formation in Phytophthora infestans (37). How-
ever, the cell wall of the closely related hyphochytridiomycetes
contains both cellulose and chitin, and chitin was unambigu-
ously detected by biophysical analyses in some oomycete spe-
cies of the Leptomitale and Saprolegniale orders (2, 12). In
Saprolegnia monoica, a chitin synthase (CHS) activity was char-
acterized in detail, and two CHS genes were identified, among
which one was fully sequenced (50, 54). In the Peronosporale
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and Pythiale orders, partial putative CHS sequences were iden-
tified in Plasmopara viticola and Phytophthora capsici (54, 87).
However, there is only scarce biochemical evidence of the
occurrence of chitin in these organisms (25, 26). Lectin label-
ing and/or cytochemical analyses gave negative results in Phy-
tophthora parasitica (16) and Phytophthora cinnamomi (3) but
were positive in Plasmopara viticola (87) and Pythium ultimum
(16). In these latter cases, however, the presence of the poly-
mer in its typical crystalline form was not shown.

Within the oomycetes, the Saprolegniale genus Aphanomy-
ces comprises plant and animal pathogens found in both ter-
restrial and aquatic habitats. Aphanomyces euteiches Drechs.
causes seedling and root rot diseases on many legumes and is
the most serious pathogen of pea in several countries (34).
Neither effective chemicals nor resistant cultivars are available
to control the disease in pea. While a huge genomic research
effort has been devoted to Phytophthora, Aphanomyces has
received little attention. Recently, a database of 19,000 A.
euteiches expressed sequence tags (ESTs) assembled in ca.
8,000 unigenes was created (52), representing a first step to-
ward the identification of Aphanomyces pathogenicity effectors
(27). Because of the importance of the cell wall in microbial
fitness and interaction with hosts, we have undertaken the
characterization of the A4. euteiches cell wall. This report shows
that it contains noncrystalline chitosaccharides. It presents ev-
idence for the first time that chitosaccharides, in the absence of
crystalline chitin, might be involved in cell wall integrity of a
filamentous microorganism. In addition, it shows that the
Aphanomyces chitosaccharides are exposed at the cell wall
surface. This opens new perspectives for the development of
antioomycete drugs and further studies of the molecular mech-
anisms involved in the recognition of pathogenic oomycetes by
the host plants.

MATERIALS AND METHODS

Strains, media, and culture conditions. A. euteiches strain ATCC 201684 is a
Danish pea isolate kindly provided by F. Krajinski (Hannover University, Ger-
many). Unless otherwise stated, all experiments were performed with this strain.
Ae5 and RB84 are pea isolates, and Ael06 is an alfalfa isolate, all kindly
provided by B. Tivoli (INRA, Rennes, France). The Phytophthora parasitica (syn.
Phytophthora nicotianae) strain used is a tobacco isolate of race 0 (kindly pro-
vided by J. P. Helgeson, University of Wisconsin). P. parasitica was maintained by
routine subculture every 2 months on clarified V-8 agar medium (5% [vol/vol];
pH 5) incubated in the dark at 24°C, and zoospore suspensions were prepared as
previously described (33). A. euteiches was maintained on 1.7% corn meal agar
(CMA) (Sigma-Aldrich) by routine subculture each month in the dark at 24°C.
For long-term storage, mycelium explants were kept under sterile source water
(Volvic, France) at 15°C in the dark. Zoospores were produced by a modified
version of the method of Deacon and Saxena (22), with all steps performed at
24°C: 20 mycelium explants from 10- to 15-day-old CMA plates were inoculated
into 50 ml of 2% Bacto peptone and 0.5% glucose and incubated 3 days in the
dark, then the medium was decanted, and the mycelial mats were washed once
with 30 ml of source water and resuspended in 30 ml of source water. After 2 h
of incubation in the dark, the water was drained and replaced by fresh source
water. This procedure was repeated 2 h later, and the mycelium was incubated
overnight in source water in the dark. The released zoospores were counted
using a hemocytometer and diluted with distilled water to the concentration
required for the various experiments.

For biomass production, 50,000 A. euteiches or 33,000 P. parasitica zoospores
were inoculated into 100 ml of 1% glucose and 0.5% yeast extract (GY medium)
in Roux flasks. After a period of growth of 3 days (A. euteiches) or 11 days (P.
parasitica) in the dark at 24°C, the mycelium was harvested by filtration on a
sintered glass filter, washed with cold distilled water, frozen, and stored at
—80°C. For each culture, a sample of fresh mycelium was weighed before and
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after drying at 50°C during 24 h, a procedure that allowed estimation of the total
dry weight of the harvested mycelium.

To measure the effect of nikkomycin Z (NZ) on A. euteiches, GY medium
aliquots containing various concentrations of NZ were distributed in the wells of
a 96-well microtiter plate (100 wl per well) and subsequently inoculated with
5,000 zoospores per well. In some experiments, inositol or sorbitol was added to
the medium at a final concentration of 100 or 200 mM. Three replicates were
prepared for each condition. The plates were incubated in the dark at 24°C for
3 days, and the hyphal density was determined by measuring the turbidity at 595
nm. Alternatively, in order to obtain sufficient biomass either to extract RNA for
gene expression analyses or to prepare cell walls for measuring their GlcNAc
content (see below), 5 ml of GY medium in small petri dishes were inoculated
with 250,000 zoospores in the presence or absence of either 50 uM NZ alone
(gene expression analyses) or of 100 uM NZ plus 200 mM sorbitol (GlcNAc
measurements).

For plant inoculation, axenically grown Medicago truncatula Gaertn seedlings
of the F83005.5 accession (obtained from J. M. Prosperi, INRA, Montpellier,
France) were prepared as follows: the seeds were surface sterilized by incubation
in H,SO, for 7 min, followed by four washings in sterile deionized water and a
1-hour imbibition step in sterile deionized water. The seeds were sown onto 2%
water agar and incubated 2 days at 24°C in the dark for germination. The
seedlings were then transferred onto a synthetic M agar medium (9), and the
plates were incubated vertically, resulting in growth of the rootlets on the surface
of the medium, under a 16-hour illumination period at 22°C and an 8-hour night
period at 20°C. The primary root of 2-week-old seedlings was then inoculated by
three 3-pl drops of a 10° cell - ml™! zoospore suspension that were deposited
onto the root apex and the middle part and the upper part of the piliferous
region, respectively.

Cell wall preparation. For detailed biochemical analyses, cell walls were pre-
pared by grinding the equivalent of 2 g (dry weight) of mycelium in liquid
nitrogen to a fine powder using a mortar and pestle and resuspending the powder
in 20 ml of 10 mM HEPES-KOH (pH 7.2), 0.2% sodium deoxycholate, 1 mM
phenylmethanesulfonyl fluoride, and 2 mM sodium metabisulfite. After 1-h in-
cubation at room temperature with constant stirring, the sample was centrifuged
at 2,900 X g for 20 min at room temperature. All further centrifugation steps
were performed under the same conditions. The pellet was resuspended in the
same volume of buffer, incubated for 30 min, and recentrifuged. This procedure
was repeated twice, then the pellet was washed three times by centrifugation and
resuspension in ultrahigh-quality water. Lipids were eliminated by two extrac-
tions with 20 ml methanol-chloroform (2/1 [vol/vol]) and one extraction with 20
ml acetone. The resulting residue, referred to as crude cell walls, was lyophilized.
Alternatively, the cell walls were isolated by the method of Aronson and Bertke
(2) which uses 5 g-17!' KOH dissolved in methanol-water (4/1 [vol/vol]), a
solution referred to hereafter as KOH-MeOH. The ground mycelium was incu-
bated for 10 min in KOH-MeOH (1 ml - g~ ! [wet weight] of mycelium) at 100°C.
After the sample was allowed to cool, it was centrifuged at 1,000 X g for 10 min
at 15°C. The resulting pellet was further extracted twice following the same
procedure, and then it was repeatedly washed with ultrahigh-quality water until
the pH of the supernatant reached neutrality. The residue was finally washed
twice with acetone and dried at 50°C and is referred to hereafter as KOH-MeOH
cell walls.

For routine determination of the GIcNAc content of the cell wall, cell wall
samples were prepared from small amounts of mycelium (less than 0.4 g [fresh
weight]) by a quick procedure: the mycelium was ground in liquid nitrogen and
resuspended in 5 ml deionized water. After centrifugation at 2,000 X g for 10 min
at 4°C, the pellet was resuspended in the same volume of water and recentri-
fuged. Subsequent steps performed at room temperature involved one wash in
MeOH-chloroform (1/1 [vol/vol]), two washes in acetone, and an overnight
incubation at 50°C to dry the pellet. The whole pellet was then hydrolyzed for
GlcNAc measurement as described below.

Biochemical analysis of the cell walls. Total nitrogen was measured in the cell
walls by a colorimetric assay adapted from the method of Strauch (76) using the
Nessler reagent (Sigma-Aldrich) and (NH,),SO, as a standard. The protein
content of the cell walls was calculated as the difference between the amount of
total nitrogen and the amount of nitrogen present in hexosamines. The hex-
osamine content was measured after hydrolysis in 6 M HCI (2 ml - mg ™! [dry
weight] of cell walls) at 120°C for 1 h and analysis of the neutralized hydrolysate
by high-performance anion-exchange chromatography coupled to pulsed amper-
ometric detection (HPAEC-PAD), using a high-performance liquid chromatog-
raphy Dionex series 4500i device equipped with an analytical Carbo Pac PA1
column (4 by 250 mm) and a gold electrode for detection (Dionex, Sunnyvale,
CA). Elution was achieved at room temperature with 15 mM NaOH, and de-
tection was performed in the presence of 300 mM NaOH. The eluted compounds
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were identified and quantified using commercial standards (Sigma-Aldrich).
Quantification of the other monosaccharides from the cell walls was performed
by HPAEC-PAD analysis under the same conditions after hydrolysis with 2 M
trifluoroacetic acid (2 ml - mg~! [dry weight] of cell walls) at 120°C for 1 h.

Enzymatic hydrolysis of the cell walls. The crude cell walls (5 to 10 mg [dry
weight]) were incubated overnight with either 0.5 unit of chitinase from Serratia
marcescens (catalog no. C7809; Sigma-Aldrich) in 1 ml of 50 mM potassium
phosphate (pH 6.8) at 30°C or with 0.5 unit of chitosanase from Streptomyces
griseus (catalog no. C9830; Sigma-Aldrich) in 1 ml of 50 mM sodium acetate (pH
5) at 37°C. A control was performed by incubating the cell walls in the absence
of hydrolytic enzyme.

For glucanase treatments of KOH-MeOH cell walls, the absence of contam-
inating chitinase activity in the various glucanases was verified by incubating the
enzymes in the presence of colloidal chitin (67) and checking for the absence of
hexosamine in the supernatant by HPAEC-PAD analysis after acid hydrolysis (6
M HCI) as described above.

In the first series of experiments, the enzymatic treatment of KOH-MeOH cell
walls with a mixture of glucanases was a two-step procedure. In the first step, the
cell walls (65 mg) were first incubated in 5 ml of 100 mM sodium acetate (pH 5.2)
at 37°C for 24 h in the presence of Westase (Takara) [0.6 unit of (1— 6)-B-
glucanase and 0.08 unit of (1— 3)-B-glucanase per mg (dry weight) of cell walls]
and laminarinase [0.8 unit of (1— 3)-B-glucanase per mg (dry weight) of cell
walls] purified from elicited Medicago truncatula plants (C. Lafitte, unpublished
data). Hydrolysis was stopped by incubation at 100°C for 5 min, and the cell wall
residue was collected by centrifugation at 3,000 X g for 10 min at 6°C. In the
second step, the cell wall residue was treated with 0.3 unit - mg ™' cell wall (dry
weight) of cellulase from Trichoderma longibrachiatum (Megazyme Interna-
tional, Libios, France) in 10 ml of 100 mM sodium acetate (pH 5.2) at 37°C for
24 h. Hydrolysis was stopped, and the residual cell walls were pelleted as de-
scribed above. The supernatants and cell wall pellets obtained after each step
were pooled, and their hexosamine content was determined by HPAEC-PAD
analysis after acid hydrolysis (6 M HCI) as described above.

In the second series of experiments, the sequential treatment of KOH-MeOH
cell walls with single or multiple enzymes coupled to chromatography analyses
was as follows: the cell walls (300 mg) were first incubated in 25 ml of 100 mM
sodium acetate (pH 4) at 37°C for 16 h in the presence of laminarinase (0.7
unit - mg ™! [dry weight] of cell walls). Hydrolysis was stopped, and the residual
cell walls were pelleted as described above and then incubated in 25 ml of 100
mM sodium acetate (pH 5.2) at 37°C for 16 h in the presence of Westase [0.5 unit
of (1— 6)-B-glucanase and 0.07 unit of (1— 3)-B-glucanase per mg (dry weight)
of cell walls]. Hydrolysis was stopped, and the residual cell walls were pelleted as
described above and eventually further treated with 0.3 unit - mg~" cell wall (dry
weight) of cellulase (Megazyme) in 25 ml of 100 mM sodium acetate (pH 5.2) at
37°C for 16 h. The hexosamine content of the supernatants and cell wall pellets
obtained after each step was determined by HPAEC-PAD analysis after acid
hydrolysis (6 M HCI) as described above. The supernatants from the (1— 3)- and
(1— 6)-B-glucanase treatments were lyophilized and analyzed separately by size
exclusion chromatography on a Bio-Gel P-60 fine column (Bio-Rad) in 100 mM
ammonium formate (pH 6.8). The elution profile was determined by measuring
the glucose (Glc) and GIcNAc concentrations of the fractions by a colorimetric
assay using the anthrone reagent (81) and by HPAEC-PAD analysis after acid
hydrolysis, respectively. The fractions of interest were lyophilized, resulting in a
sample of 38 mg (dry weight) that was further treated with by a mixture of
laminarinase (5 units - mg™! sample [dry weight]), Westase [4 units of (1—
6)-B-glucanase and 0.5 unit of (1— 3)-B-glucanase per mg sample (dry weight)],
and cellulase (1.4 units - mg~" sample [dry weight]) in 6 ml of 100 mM sodium
acetate (pH 5.2) at 37°C for 16 h. The hydrolysate was then analyzed by size
exclusion chromatography as described above.

Biophysical analysis of the cell walls. For '*C cross polarization/magic angle
spinning (CP/MAS) nuclear magnetic resonance (NMR) measurements, KOH-
MeOH cell walls were analyzed either in a dried state or after soaking in water.
The spectral data of these samples were compared with those of a standard
specimen of purified a-chitin from crab shell. This specimen and the cell wall
samples were inserted individually into tightly sealed 4-mm BL type ZrO, rotors.
13C CP/MAS NMR spectra were recorded with a Bruker Avance spectrometer
equipped with a 4-mm BL type probe and operated at 100 MHz. The spectra
were acquired at room temperature with a 80-kHz proton dipolar decoupling
field, matched CP fields of 80 kHz, a proton 90° pulse of 2.5 ps, and MAS at a
spinning speed of 12 kHz. The CP transfer was achieved using a ramped ampli-
tude sequence (RAMP-CP) for an optimized total time of 2 ms. The sweep width
was of 50,000 Hz to avoid baseline distortion with 2,994 time domain points, and
the Fourier transformation was achieved without apodization over 8,000 points.
The repetition time was 4 s, and an average number of 20,000 scans were
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acquired for each spectrum. The '*C chemical shifts were determined relative to
the carbon chemical shift of the carbonyl signal of glycine at 176.03 ppm.

Microscopy techniques. Staining with a fluorescein isothiocyanate-wheat germ
agglutinin (FITC-WGA) conjugate (Vector Laboratories, Burlingame, CA) of P.
parasitica or A. euteiches was performed on mycelium grown for 2 days on a
cellophane membrane placed on top of GY agar medium. Lectin labeling was
also performed on Aphanomyces structures (cysts, germinated cysts, and myce-
lium) formed in GY broth distributed in the wells of 96-well microtiter plates and
inoculated with zoospores as described above. For labeling of 4. euteiches struc-
tures formed in the presence of the host plant, infected roots were either directly
cut longitudinally with a razor blade or first embedded in 5% agar (agar with a
low melting point; Sigma-Aldrich) and transversally cut with a Leica VT1000S
vibratome to obtain 200-pwm sections. Lectin labeling was performed under
reduced light in phosphate-buffered saline (PBS) solution at pH 7.2; the samples
were equilibrated in PBS for 15 min, then incubated for 15 min in 50 pg - ml™!
FITC-WGA, and finally washed three times for 5 min in PBS. Autofluorescence
controls were prepared following the same procedure omitting the FITC-WGA
conjugate. The specificity of the labeling was checked by preincubating the
conjugate with a chitin hydrolysate. The latter was prepared from crab shell
chitin (Sigma-Aldrich) by solubilization in 12 M HCI (20 ml - g~ of crab shell
chitin) at —20°C followed by 1 h at 40°C and concentration in a Biichi rotavapor
until near dryness. The solubilized fraction was recovered for lectin labeling.
Observation was performed with an inverted light microscope (Leitz DMIRBE,
Leica, Germany) equipped with a color CoolView charge-coupled-device camera
(Photonic Science, United Kingdom) connected to Image Acquisition ProPlus
software (Media Cybernetics, Silver Spring, MD). A Leitz filter set I3 was used
for epifluorescence analysis.

For the quantification of lectin labeling by image analysis, GY broth contain-
ing 200 mM sorbitol distributed in the wells of microtiter plates was inoculated
with Aphanomyces zoospores as described above. After 3 days of growth, the
mycelium was labeled with a dilute solution of FITC-WGA (12.5 pg - ml™') in
200 mM sorbitol, then washed in 200 mM sorbitol, and carefully transferred onto
microscopy slides in a drop of 200 mM sorbitol. The profile of fluorescence
intensity across an hypha was obtained by collecting along a line perpendicular
to the hyphal axis the gray value (from 0 to 255) of each individual pixel. For each
sample, an average intensity profile was then calculated from four different
hyphae. As individual hyphae exhibited different widths, the distance from wall
to wall of the average profile was adjusted to the shorter distance obtained for
individual hyphae. In this way, only some pixel values in the middle of the larger
hyphae were discarded, and all the other pixels were unchanged and were taken
into account for the calculation of the average profile.

Molecular techniques. For Southern blot analysis, A. euteiches genomic DNA
was extracted from the mycelium in the presence of cetyltrimethylammonium
bromide after a procedure adapted from Dellaporta et al. (23). Genomic DNA
samples (100 wg) digested with restriction enzymes were electrophoresed in a 1%
(wt/vol) agarose gel. After alkaline denaturation, the DNA fragments were
transferred to a positive nylon membrane (Hybond N+; Amersham) and sub-
jected to Southern hybridization (69). The probes were PCR fragments obtained
after amplification of plasmid DNA templates prepared from cDNA library
clones (52) using primers SP6 and qCHSIF1 (5'-TCGCTGTTGTGTATGCTA
TTATTGTT) for the A. euteiches CHS1 (AeCHS1) gene and primers T7 and
CHS2R1 (5'-ATTGAGCTGGATAGCAAC) for the AeCHS2 gene. The PCR
fragments were purified using the Wizard SV gel and PCR cleanup system
(Promega) according to the recommendations of the supplier and radiolabeled
with [a-*?P]dCTP by random priming using the RadPrime DNA labeling system
(Invitrogen). Autoradiography of the membranes was performed using a
PhosphorImager system.

For real-time quantitative PCR (RT-qPCR) analysis of A. euteiches gene
expression and for rapid amplification of cDNA ends and PCR (RACE-PCR)
targeting AeCHS1 and AeCHS?2 transcripts, total RNA was extracted and puri-
fied from ca. 50 mg of A. euteiches mycelium using the RNeasy plant mini kit
(Qiagen) coupled to an on-column DNase I (RNase-free) digestion. The absence
of contaminating genomic DNA in the RNA preparations was checked by PCR.
The RACE-PCR procedure involved reverse transcription of 5.5 pg total RNA
using the Superscript III first-strand cDNA synthesis kit (Invitrogen) following
the recommendations of the supplier, and 5" cDNA sequences were obtained
using the GeneRacer kit for full-length, RNA ligase-mediated RACE (RLM-
RACE, Invitrogen). This technology takes advantage of the 5’ capping of only
full-length mRNAs to allow the preparation of only full-length cDNA templates
for PCR amplification. The reverse primers used for the first and second (nested)
PCR amplification steps were, respectively, 5'-AAGTCGACCCAGACTACAA
CTTGCTC and 5'-CTTATGGTTCTTCAACGCTTTTTGCAAC for AeCHS1
and 5'-GCTCAATGGCTCTTTCTTTGCTGGT and 5'-CGATGCACTATGT
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TABLE 1. Composition of Aphanomyces and Phytophthora cell walls

Composition of cell wall hydrolysates® in:

Compounds
A. euteiches P. parasitica
Proteins® 158 + 52 124 = 16
Glucose® 714 = 83 839 = 112
Mannose® ND“ 17+ 12
Glucosamine® 107 = 16 52+*3.6

“The data are means * SD from four independent experiments and are
expressed as pg - mg~! (dry weight) of crude cell walls.

b Protein content was calculated from the amount of total nitrogen corrected
for the amount of nitrogen brought about by glucosamine.

¢ Neutral sugars and glucosamine were quantified by HPAEC-PAD after acid
hydrolysis as described in Materials and Methods. Note that N-acetyl-p-gluco-
samine is converted to glucosamine by the hydrolysis procedure.

4 ND, not detected.

AAAAGATGCCATTG for AeCHS2. The PCR products were cloned using the
TOPO TA cloning kit for sequencing (Invitrogen) following the recommenda-
tions of the supplier. Their sequence was determined at the Genopole of Tou-
louse using the ABI PRISM dye terminator cycle sequencing ready reaction kit
with ADN polymerase (FS Perkin Elmer).

To perform RT-qPCR, total RNA (600 ng) was subjected to reverse transcrip-
tion using the Superscript II first-strand cDNA synthesis kit (Invitrogen) follow-
ing the recommendations of the supplier. The 25-ul quantitative PCR mixtures
were prepared in 96-well reaction plates using the Sybr green master mix (Ap-
plied Biosystems) and the following primers at a final concentration of 100 nM:
qCHSI1F2 (5'-GTCCGTTCTACGGCAACATGT) and qCHSIR2 (5'-CGTAC
GTGCCAAGAGCTCAA) for AeCHS1 sequence amplification, qCHS2F2 (5'-
GAAGCAGATAAACAAAAGCAAAGC) and qCHS2R2 (5'-TTGCGAAGTA
GAGCCATGCA) for AeCHS?2 sequence amplification, and qTUBF1 (5'-CGG
CTCTGGTTTGGGTAGTTT) and qTUBR1 (5'-AACCGAGCTTGCTCTT
GCG) for A. euteiches o-tubulin sequence amplification. The PCRs were
performed in an ABI PRISM 7900 HT device, and the data were analyzed using
the SDS 2.0 software (Applied Biosystems). The identity of the amplicons was
verified by thermal dissociation curves and resequencing. The cDNA targets
were quantified using standard curves established with plasmid DNA serial
dilutions.

Bioinformatic and phylogenetic analyses. Local or global alignments of CHS
amino acid sequences were performed at http://www.ebi.ac.uk/emboss/align/ us-
ing the Smith-Waterman algorithm (73) or Needleman-Wunsch algorithm (57).
ClustalW sequence alignments (79) and TopPred prediction of transmembrane
domains (19) were performed at http:/bioweb.pasteur.fr/,. TMHMM trans-
membrane domain prediction (47) and signal peptide prediction (10) were per-
formed at http://www.cbs.dtu.dk/servicess TMHMM-2.0/ and http://www.cbs.dtu
.dk/services/SignalP/, respectively. For phylogenetic analyses, the 7.0.4 version
(31 May 2005) of the BioEdit software (39) was used to assemble an initial
database of oomycete chitin synthases. The AeCHS1 and AeCHS?2 sequences
were used as probes to perform BLASTp similarity searches (1) against the
nonredundant protein database at the National Center for Biotechnology
(NCBI) (http://www.ncbi.nlm.nih.gov/) and tBLASTn similarity searches against
the Phytophthora genome project databases at the U.S. Department of Energy
(DOE) Joint Genome Institute (http:/www.jgi.doe.gov/) and the Broad Institute
(http://www.broad.mit.edu/). The identified Phytophthora sojae and P. infestans
CHS sequences corresponded to ESTs found at the Oomycete Genomics Data-
base (OGD) (http://www.oomycete.org/ogd/), Phytophthora Functional Geno-
mics Database (PFGD) (http://www.pfgd.org/), or Phytophthora Soybean EST
database (PhESTDB 1.0) (http://phytophthora.vbi.vt.edu/EST/) (31, 80). A series
of consensus sequences for the aligned oomycete CHSs, spanning from 50 to
90% similarity, was built using the software Consensus (http:/www.bork.embl
.de/). The 50% consensus sequence was then used as a probe to search against
the same databases as described above, but no additional hits were retrieved. The
resulting oomycete data set consisted of CHS sequences that were referred to as
CHS1 or CHS2, according to their grouping in the phylogenetic and molecular
evolutionary analysis that was conducted using MEGA version 3 (48). CHS
sequences retrieved from genome project databases are the following: from the
JGI website, Phytophthora ramorum CHS1 and CHS2 correspond to Phyral_1:
77229 and Phyral_1:84041, and P. sojae CHS1 and CHS2 correspond to
Physol_1:143614 and Physol_1:15524; from the Broad Institute website, P. in-
festans CHS corresponds to PITG_02050.1. Saprolegnia monoica CHS2 and

Emericella nidulans CHSB were found at the NCBI database under the accession
numbers P48017 and Q00757, respectively.

Nucleotide sequence accession numbers. The AeCHS1 and AeCHS2 cDNA
sequences were deposited in the GenBank database (http://www.ncbi.nlm.nih.gov
/GenBank/) under the accession numbers EU522489 and EU447431, respectively.

RESULTS

Biochemical characterization of Aphanomyces euteiches cell
walls. The composition of a crude cell wall preparation from A4.
euteiches was first determined and compared to a similar cell
wall preparation from P. parasitica. Proteins were present in
similar proportions in both organisms, as was glucose, which
accounted for more than 70% of the cell wall weight (dry
weight) (Table 1). The sugar composition of the Phytophthora
cell wall was similar to that reported by Bartnicki-Garcia (7)
and showed the presence of mannose, whereas the Aphanomy-
ces cell wall contained no detectable amount of mannose. An
even more salient feature was the higher proportion of glu-
cosamine (10.7%) in Aphanomyces than in Phytophthora
(~0.5%). This was observed not only for the strain under study
(strain ATCC 201684) but also for three other strains (strains
Ae5, Ael06, and RB84) in which the proportion of glucos-
amine ranged between 8 and 17%. Such a high content in
glucosamine in cell wall hydrolysates usually accounts for the
presence of chitin or chitosan. In order to clarify this, the cell
walls were incubated with a chitosanase or with a chitinase, and
the products of hydrolysis were analyzed by HPAEC-PAD. No
glucosamine was released upon chitosanase treatment, indicat-
ing the absence of chitosan. This result was confirmed by the
observations that no chitosan could be extracted from the cell
walls by a specific chemical extraction method (59) and that the
eosin Y stain for chitosan (4) did not label the Aphanomyces
hyphae (data not shown). Thus, the glucosamine measured in
cell wall hydrolysates originated from GIcNAc, which was
deacetylated by the hydrolysis procedure (6 M HCI). Indeed,
treatment of the cell walls with a chitinase released GIcNAc
monomers (Fig. 1). This was observed not only for the A.
euteiches strain ATCC 201684 but also for the three other
strains, namely, Ae5, Ael06, and RB84. In contrast, no Glc-
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FIG. 1. Chromatographic measurement of N-acetyl-D-glucosamine
(N-ACET-GLC.NH2) released by chitinase treatment of Aphanomyces
euteiches cell walls. (a) HPAEC-PAD profile of a hydrolysate obtained
after treatment of crude cell walls with the Serratia marcescens chiti-
nase for 2 h at 30°C. The retention time of 15.7 min was identical to
that of a GlcNAc standard run under the same conditions (not shown).
(b) Profile of a control hydrolysate obtained under the same conditions
but in the absence of chitinase. For better visualization, this profile has
been slightly moved downwards relative to the vertical axis.
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FIG. 2. 3C CP/MAS NMR spectroscopy analysis of Aphanomyces
euteiches cell walls. (a) KOH-MeOH-treated cell walls analyzed under
dry conditions; (b) crystalline standard of poly(1—4)-B-D-N-acetylglu-
cosamine (crab a-chitin); (c) as in panel a, but under wet conditions.
Arrows 1 and 2 correspond to the small resonances identified as the
C=O0 (at 174 ppm) and the CH; (at 23.6 ppm) moieties of N-acetyl-
D-glucosamine. Arrows 3 and 4 correspond to the resonances of the
C-4 of cellulose and of the C-6 of (1— 3)-B-D-glucan, respectively.

NAc was released from Phytophthora cell walls by the chitinase
treatment (data not shown), which is consistent with a small
amount of hexosamines in these cell walls. In conclusion, our
data strongly suggest the presence of chitosaccharides in the
Aphanomyces cell wall, which are either chito(oligo)sacchar-
ides in a noncrystalline form or crystalline chitin.
Characterization of Aphanomyces euteiches cell wall chi-
tosaccharides. To investigate the nature of the Aphanomyces
chitosaccharides, a purified cell wall preparation referred to as
KOH-MeOH cell walls was used. This preparation did not
contain proteins, and the monosaccharide analysis yielded only
glucose and glucosamine, the latter accounting for 98 = 13
pg - mg ' of cell walls (means *+ standard deviations [SD]
from four independent experiments), a proportion similar to
that of crude cell walls (Table 1). However, X-ray diffraction
analysis of KOH-MeOH cell walls did not show the presence of
crystalline chitin, and no chitin could be purified from this
starting material when a relevant procedure described by
Aronson and Bertke (2) was followed (data not shown). This
suggested that the GIcNAc fraction of the Aphanomyces cell
wall consists of noncrystalline components. This interpretation
was corroborated by the '*C solid-state NMR spectroscopy
analysis (Fig. 2): spectrum a, which corresponds to cell walls
analyzed under dry conditions, shows two small resonances at
174 and 23.6 ppm (arrows 1 and 2) that are also observed when
crystalline crab shell chitin is analyzed either under dry or wet
conditions (spectrum b). These resonances can be ascribed to
the C=0 and the CH; moieties of N-acetyl-D-glucosamine
(77). Similar resonances were also observed in Aspergillus niger
and ascribed to chitinaceous compounds in interaction with
glucans by CP-MAS NMR (42). Quantitative analysis indi-
cated that the corresponding GIcNAc material accounted for
ca. 10% of the cell wall sample, confirming the aforementioned
results. Remarkably, when the same cell wall sample was an-
alyzed under wet conditions, the GIcNAc resonances disap-
peared (Fig. 2, spectrum c). This disappearance indicated that
unlike crystalline chitin, which is insensitive to hydration, the
GlcNAc component of the cell wall corresponds to a noncrys-
talline material that becomes mobile under the influence of
hydration and that was therefore not observed under our spec-
tral acquisition conditions. Resonance signals at 88.7 and 61.0
ppm were also observed (spectrum c, arrows 3 and 4), suggest-
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ing the presence of cellulose and (1— 3)-B-p-glucan (68).
Whereas further investigations are needed to confirm this, the
occurrence of these polymers would be consistent with the
glucose content of the cell wall and the general finding that
oomycetes have a B-glucan/cellulose cell wall type (6).

In order to confirm the conclusions drawn from biophysical
analyses and to further characterize the noncrystalline chi-
tosaccharides, a biochemical approach based on the use of
specific glucanases was developed. First, cell wall preparations
were hydrolyzed with a mixture of (1— 3)-, (1— 6)-, and (1—
4)-B-glucanases. This led to the solubilization of virtually all
the GIcNAc material together with the other glucans, leaving a
residue containing only 1.4% * 0.1% of the GIcNAc present in
the starting material (means = SD from two independent
experiments). This result indicated that the A. euteiches chi-
tosaccharides are soluble and noncrystalline, therefore sup-
porting the conclusion drawn from the biophysical analyses.
Second, cell wall preparations were submitted to sequential
treatments with glucanases of various specificities, and the
GIcNAc content of the resulting fractions was measured in
order to obtain insight into the potential linkages between the
chitosaccharides and glucans. Treatment with (1— 3)-B-glu-
canases led to the solubilization of 14.2% = 3.3% of the
GlcNACc present in the starting material, and subsequent treat-
ment with Westase, a (1— 6)-B-glucanase preparation with
minor (1— 3)-B-glucanase activity, further solubilized 55.3% =
12.4% of the GlcNAc present in the starting material (means *
SD from two independent experiments). When the resulting
cell wall pellet from one experiment was further treated with a
(1— 4)-B-glucanase, 16.7% of the GIcNAc present in the start-
ing material was recovered in the supernatant and 7.8% re-
mained in the pellet. These data suggested that most of the A4.
euteiches chitosaccharides are associated with (1— 6)-B-glu-
cans. In order to further characterize these chitosaccharides,
the supernatants from the (1— 3)-B-glucanase and the (1—
6)-B-glucanase digestion steps were separately analyzed by size
exclusion chromatography on Bio-Gel P-60, and the GIcNAc/
Glc ratio from the eluted fractions was determined. This ratio
varied between 10 and 40% for the high-molecular-weight
material eluted before the bulk of low-molecular-weight oligo-
glucosides released by the glucanases (data not shown). This
suggested that, despite the glucanase treatments, the chitosac-
charides were still associated with glucans. In order to further
purify them, the corresponding fractions were pooled, treated
again with a concentrate mixture of (1— 3)-, (1— 6)-, and (1—
4)-B-glucanases, and the resulting hydrolysate was rechromato-
graphed on a Bio-Gel P-60 column. The elution profile pre-
sented in Fig. 3 shows that the GIcNAC-containing material
was mostly enriched in a fraction with a GlcNAc/Glc ratio of
80% which was eluted near a 10-kDa dextran standard. Most
of the chitosaccharides had an apparent molecular weight
ranging from ca. 4,000 to 45,000 and were eluted in fractions
containing similar amounts of glucose. This profile shows that
the chitosaccharides are soluble high-molecular-weight com-
pounds and suggests that their solubility is due to a branched
structure involving glucose residues.

In conclusion, our data demonstrate that, in contrast to Sapro-
legnia, Aphanomyces does not contain detectable amounts of crys-
talline chitin in its cell wall but contains soluble noncrystalline
chitosaccharides associated with other cell wall polysaccharides.
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FIG. 3. Chromatography of Aphanomyces euteiches chitosacchar-
ides on a Bio-Gel P-60 column. The chitosaccharides were prepared by
multistep digestion of KOH-MeOH cell walls with (1— 3)-, (1— 4)-,
and (1— 6)-B-glucanases. V,, void volume, determined with dextran
20005 V,, total volume of the column. The positions of peaks of dextran
standards of the respective molecular masses are shown by vertical
arrows. The GIcNAc and Glc concentrations of the fractions were
determined by colorimetry using the anthrone reagent and HPAEC-
PAD analysis after acid hydrolysis, respectively.

This conclusion is consistent with the fact that our attempts to
measure the chitin synthase activity of Aphanomyces, following a
standard assay based on the quantification of insoluble GIcNAc
polymeric products (12), were not successful.

Lectin labeling of Aphanomyces euteiches cell wall chitosac-
charides. Wheat germ agglutinin is a lectin that specifically
interacts with chitosaccharides. It has been widely used to label
chitin in fungal cell walls (16, 18, 70, 84). In order to obtain
additional evidence for the occurrence of chitosaccharides in
the cell wall of Aphanomyces, labeling with a FITC-WGA con-
jugate was analyzed by epifluorescence microscopy (Fig. 4).
The hyphal external surface of Aphanomyces was strongly la-
beled (Fig. 4A), and this labeling was reduced to a great extent
upon preincubation of the conjugate with a chitin hydrolysate
(Fig. 4B). In contrast, the mycelium of Phytophthora used as a
control hardly showed any detectable labeling (Fig. 4C). This
result is consistent with the very small amount of glucosamine
in Phytophthora cell wall hydrolysates (Table 1) and with a
previous report (16) in which no labeling of Phytophthora was
observed in the presence of a WGA-ovomucoid-gold complex.
Further experiments were conducted to investigate the distri-
bution and abundance of surface chitosaccharides at various
stages of the life cycle of Aphanomyces and to evaluate FITC-
WGA labeling as a tool to detect the microorganism during its
interaction with the host plant (Fig. 4D to I). Encysted zoo-
spores (cysts) were labeled (Fig. 4D), but the intensity of la-
beling of individual cells was weak and highly variable. Germ
tubes and resulting hyphae were labeled more intensely than
the cysts (Fig. 4E), which reflects a higher accessibility or
abundance of the chitosaccharides. This is consistent with an
early study in the crayfish parasite Aphanomyces astaci, which
showed that cyst and germ tube cell walls were of a different
structure (61). Hyphae running on the surface of Medicago
truncatula host roots were readily detected by FITC-WGA
labeling, as well as oospores, which were intensely labeled (Fig.
4F). Attempts to directly label Aphanomyces structures within
the roots were unsuccessful because the conjugate did not
diffuse inside the tissues, but fresh tissue sectioning allowed
detection of the pathogen within the tissues. Longitudinal sec-
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tions showed hyphae preferentially growing parallel to the root
axis, with some abrupt turns suggesting that they were actually
growing between the host cells (Fig. 4G). This intercellular
growth pattern was confirmed by observing transverse sections
(Fig. 4H and I). The weak labeling of the plant cell wall al-
lowed visualization of the boundaries of plant cells and clear
differentiation between the plant cells and the intensely labeled
Aphanomyces transversally cut hyphae. The latter were mostly
localized in the intercellular spaces between three adjacent
plant cells (Fig. 4I). In summary, labeling with FITC-WGA
allows the study of the A. euteiches infectious process and
suggests the presence of surface chitosaccharides in all its life
stages presenting a cell wall.

Characterization of Aphanomyces euteiches CHS genes. The
presence of chitosaccharides in the Aphanomyces cell wall is
expected to result from the expression of CHS-related genes.
CHSs are membrane-associated processive glycosyltrans-
ferases, i.e., enzymes that catalyze multiple transfers of
GlcNAc residues from UDP-GIcNAc onto the nonreducing
end of growing chitin chains. They belong to glycosyltrans-
ferase family 2 (15). Sequence similarity analyses lead to the
classification of fungal CHSs into seven classes, with most of
them being distributed into two divisions: class I, II, and III
enzymes are grouped into division 1, and class IV, V, and VI
enzymes are grouped into division 2, whereas class VII fungal
CHSs and animal CHSs form distinct groups (17, 65). The A.
euteiches EST database (52) contains three gene entries
(Ae_1AL1952, Ae_1AL4892, and Ae_6AL6991) with similar-
ity to CHS genes (E values of <le ?°). Complete sequencing
of the two strands of cDNA clones led to the assumption that
Ae_1AL1952 and Ae_6AL6991 correspond to partial cDNAs
of the same gene, referred to as AeCHS1, whereas Ae_
1ALA4892 corresponds to a partial cDNA of a different gene,
referred to as AeCHS2. A Southern blot analysis was per-
formed in order to check the presence of these putative Ae-
CHS genes (Fig. 5). Sequence analysis predicted that Kpnl and
Scal would cleave once within the AeCHS1 and AeCHS?2
probe fragments, respectively. This is consistent with the pres-
ence of two hybridizing fragments in the corresponding lanes
(Fig. 5, AeCHS]1, lane 3, and AeCHS2, lane 1, respectively),
whereas the other enzymes whose sites were absent in the
probe sequences resulted in unique hybridizing fragments.
None of the hybridizing fragments were revealed by both
probes. These data confirm the occurrence of two different
single-copy genes.

The transcribed AeCHS1 and AeCHS2 sequences were ex-
tended by 476 and 1,321 nucleotides, respectively, by 5’ RACE-
PCR. Virtual translation of the available 2,585 nucleotides of
AeCHS1 and 2,506 nucleotides of AeCHS?2 resulted in
polypeptide sequences of 840 and 802 amino acids, respec-
tively. The best hit for both sequences after BLASTp analysis
was chitin synthase CHS2 from S. monoica (referred to here-
after as SmCHS2) (54). As the SignalP algorithm (10) did not
predict the presence of a signal peptide in either of the AeCHS
sequences, it might be questioned whether they are full-length
proteins. However, they are likely complete because (i) their
sizes fall within the range of 738 to 1,131 amino acid residues
recorded for division 1 fungal CHSs (65) and (ii) the RACE-
PCR technology that was used allows only the amplification of
fragments corresponding to full-length cDNAs (see Materials
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FIG. 4. Wheat germ agglutinin labeling of Aphanomyces euteiches. Samples were incubated with a FITC-WGA conjugate and analyzed by
epifluorescence microscopy. (A) A. euteiches mycelium; (B) as in panel A, but the FITC-WGA conjugate was preincubated with a chitin
hydrolysate; (C) control with P. parasitica mycelium; (D) cysts and germinating cysts of A. euteiches obtained in vitro; (E) hyphae arising from in
vitro-germinated cysts (arrows), with an insert showing that the cyst surface is much less labeled than the hyphal surface; (F) hyphae and oospores
(arrows) produced on the surfaces of infected Medicago truncatula roots; (G to I) hyphae growing within an infected root cut longitudinally (G) or
transversally (H and I) before lectin labeling. The arrows in panel G show hyphae growing along the axis of the root, and the arrows in panel I
show intercellular spaces in the root cortex either free (left arrow) or colonized (right arrow) by A. euteiches hyphae. Bars = 25 um (A to E) or
100 pm (F to I).
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FIG. 5. Southern hybridization analysis of Aphanomyces euteiches
chitin synthase genes. Genomic DNA (100 ng) digested with either
Scal (lane 1), EcoRI (lane 2), or Kpnl (lane 3) was analyzed on a 1%
agarose gel, transferred to a nylon membrane, and hybridized with a
radiolabeled AeCHS1 probe (Aechsl) or AeCHS?2 probe (Aechs2).
The arrow shows a Kpnl restriction fragment hybridizing with the
AeCHS1 that was predicted from sequence analysis to generate a
1,080-bp fragment. The positions of molecular size standards (MS) (in
base pairs) are shown to the left of the gels.

and Methods). In addition, there is a stop codon shortly up-
stream of the putative start codon of the AeCHS2 cDNA.
Finally, both A. euteiches CHS (AeCHS) sequences show all
features of a functional CHS enzyme as described below.
Analysis of SmCHS2, AeCHS1, and AeCHS2 amino acid
sequences is presented in Fig. 6, where conserved CHS motifs
(motifs a to h) (17, 54, 65) are indicated. Both A. euteiches
CHSs show putative transmembrane domains with similar lo-
calizations to those found in SmCHS2, except at the C termi-
nus where an additional putative transmembrane domain is
predicted in AeCHS enzymes (Fig. 6A). This similarity sug-
gests that the three proteins have the same topology in the
region between motifs a and h. Both AeCHS sequences con-
tain the complete CHS signature found in SmCHS2 (motifs a
to h), including motifs or residues presumably involved in
UDP-GIcNAc binding (motifs a, b, and c), catalysis (motif f),
and enzyme processivity (motifs g and h). Motif g in both
AeCHS enzymes is QRRRW, a sequence most often found in
fungal CHS, from which the S. monoica enzyme diverges sig-
nificantly by the substitution of the first arginine by an alanine
residue (Fig. 6B). Motifs a, c, and f match the consensus
sequences of division 1 CHSs, which are T(M/Y)YNE, DXGT,
and LAEDRIL, respectively (17). In addition, the sequence-
spanning motifs d and e strongly resemble the consensus se-
quence NPLV(A/Y)XQNFEYKXSNILDK(P/T)XESX(F/M)
GX(I/V)(S/T)VLP(G/A)A(F/L)(S/C)AYR found in division 1
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CHSs, and the dipeptide LN following motif g is also typical of
division 1 CHSs (65) (Fig. 6B). These observations suggest a
phylogenic relatedness between division 1 fungal CHSs and
oomycete CHSs, as already noticed by Ruiz-Herrera et al. (65).

Phylogenetic analysis of oomycete chitin synthase genes.
Pairwise global alignments between the AeCHS1, AeCHS2,
and SmCHS?2 sequences suggested that AeCHS2 and SmCHS2
are actually more similar to each other (with 55.2% similarity)
than they are to AeCHS1 (with 50.4% and 42.4% similarities,
respectively). This observation is reminiscent of the finding
that orthologous CHSs are more similar than paralogous CHS
in organisms of the kingdom Fungi. In these organisms, it has
been recognized that the CHS phylogeny does not reflect the
kingdom phylogeny, a phenomenon that is explained by assum-
ing that the diversification of CHS genes into more than five
classes occurred before the diversification of the fungal phylum
itself (65). The oomycete orders are distributed into two major
lineages, the Pythiales and Peronosporales on the one hand
and the Saprolegniales, Leptomitales, and Rhipidiales on the
other hand (63). Phytophthora belongs to the first lineage,
whereas Aphanomyces belongs to the second. We took advan-
tage of the progress in Phytophthora genomics since the last
exhaustive study of Ruiz-Herrera et al. (65) to construct a
dendrogram of oomycete CHSs and check whether the CHS
phylogeny reflects the oomycete classification. We looked for
sequences in databases from whole-genome sequencing
projects of Phytophthora species (described by Tyler et al. [83]
for P. sojae and P. ramorum and at the Broad Institute website
for P. infestans) and verified, by searching for corresponding
ESTs in dedicated databases (see Materials and Methods for
the URLs), that the identified Phytophthora sojae and Phyto-
phthora infestans genes are actually expressed and not pseudo-
genes. These genes were called CHS1 or CHS2 according to
their position in the resulting dendrogram (Fig. 7). This den-
drogram shows that oomycete CHSs form two clusters of so-
called CHS1 and CHS2 enzymes. Phytophthora CHS2 are more
related to Saprolegnia and Aphanomyces CHS2 than to Phyto-
phthora CHSI1, thereby suggesting that oomycete CHSs origi-
nate from a common ancient ancestor gene that duplicated
before the divergence of the Saprolegniale and Peronosporale
lineages.

Biological roles of the Aphanomyces euteiches cell wall chi-
tosaccharides. To obtain insight into the biological roles of
Aphanomyces chitosaccharides, the microorganism was grown
in the presence of nikkomycin Z, a competitive inhibitor of
CHS enzymes (66) (Fig. 8). This resulted in a marked growth
inhibition, which reached ca. 50% in the presence of 50 uM
NZ (Fig. 8A). This 50% inhibitory concentration is compara-
ble to the concentrations that are required to inhibit the true
fungi that are sensitive to NZ, such as Candida albicans which
shows an 50% inhibitory concentration of ca. 25 uM NZ (45).
It should be noted that sensitivity to NZ varies greatly between
fungal species (32, 36, 78). In Aphanomyces, growth in the
presence of 100 pM NZ led to hyphal tip bursting and cyto-
plasmic leakage (Fig. 8C, panel b). This suggested that cell wall
synthesis at the hyphal apex was affected by the CHS inhibitor
and that the resulting cell wall structure could not afford effi-
cient osmotic protection. To confirm that NZ was directly
affecting cell wall integrity, we searched for osmoprotective
compounds in order to check whether they could reverse the
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FIG. 6. Alignment of Aphanomyces euteiches and Saprolegnia monoica chitin synthase sequences. (A) Schematic structure of the AeCHSI,
AeCHS2, and SmCHS2 deduced amino acid sequences. Conserved chitin synthase motifs are shown by open circles (motifs a to h [see below]),
and predicted transmembrane domains are indicated by black boxes. The boundaries of the sequences aligned in panel B are shown by dotted lines.
aa, amino acids. (B) Alignment of the AeCHS1, AeCHS2, and SmCHS?2 regions encompassing the complete CHS signature. Chitin synthase motifs
(T/P)XYXE (motif a), D (motif b), DX(G/D)(T/C) (motif ¢), QXXEY (motif d), LP(G/A) (motif ¢), L(A/G)EDRXL (motif f), Q(R/G)RRW
(motif g), and (S/T)WG (motif h) are shown by open boxes, and amino acid residues of the glycosyltransferase family 2 signature are in bold type.
Gaps introduced to maximize alignment of the sequences are indicated by dashes.

effect of NZ. Polyols, such as inositol or sorbitol, were reported
not to be used as carbon sources by A. euteiches (62) and
therefore were good candidates as osmoprotectants during
growth. The microorganism was thus incubated in the presence
of 100 uM NZ and with various concentrations of inositol or
sorbitol. Both inositol and sorbitol at concentrations in the
range from 100 to 200 mM protected Aphanomyces from the
adverse effect of NZ, restoring growth to nearly control levels
and abolishing hyphal tip bursting (Fig. 8B and C, panels c and

d). In addition, when the microorganism was grown in GY
medium supplemented with 200 mM sorbitol, the intensity of
WGA labeling of the cell wall was significantly lower in the
presence of 100 pM NZ than in the absence of the drug,
showing a reduction between one-third and one-half depend-
ing on the distance to the hyphal tip (Fig. 9). Quantification by
HPAEC-PAD analysis of cell wall hydrolysates indicated that
the GIcNAc content of the cell wall of mycelium grown in the
presence of 100 uM NZ was reduced by 33% = 12% compared
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FIG. 7. Phylogeny of oomycete chitin synthases. The A. euteiches
CHS amino acid sequences were aligned with other oomycete CHS
sequences, such as Phytophthora and Saprolegnia CHS sequences. The
phylogenetic tree was constructed with the Mega version 3.1 software
using minimum evolution (ME), neighbor-joining (NJ), and maximum
parsimony (MP) methods (Poisson correction for multiple amino acid
substitutions; 1,000 random bootstrap replicates). All three methods
produced similar topologies; this figure shows the ME tree. Numbers
on each branch represent bootstrap values of ME/NJ/MP analyses.
The Emericella nidulans CHSB sequence was employed as an outgroup
taxon.

to the control grown in the absence of the drug (mean * SD
from three independent experiments). This demonstrates that
the difference in in vivo WGA labeling intensity reflects an
actual difference in chitosaccharide content and not in chi-
tosaccharide accessibility to the lectin. Taken together, these
data strongly suggest that nikkomycin Z affects cell wall integ-
rity by inhibiting a CHS activity that is needed for the synthesis
of chitosaccharides conferring the mechanical strength of the
cell wall.

In true fungi, inhibition of the synthesis of a cell wall poly-
saccharide often induces compensatory mechanisms, such as
the elevated synthesis of the targeted polysaccharide or of
other polysaccharides that participate in resistance or toler-
ance to the inhibitor (see, for example, references 20 and 56).
To check whether Aphanomyces is able to respond to NZ
treatment by an elevated CHS gene expression, we measured
by RT-qPCR the expression of the AeCHS1 and AeCHS?2
genes in the mycelium grown in the presence or absence of 50
wM NZ. Figure 10 illustrates that the two AeCHS genes were
expressed at similar levels in the untreated mycelium. AeCHS1
expression was not modified in the presence of NZ, whereas
AeCHS?2 showed an eightfold induction under this condition.
Such an induction confirms that NZ affects the cell wall dy-
namics and suggests that this stress induces a compensatory
response, including the induction of the AeCHS?2 gene.

DISCUSSION

This work represents the first study of the cell wall of the
Saprolegniale Aphanomyces euteiches. Biochemical analysis in-
dicated a strong predominance of glucose, in agreement with
the data obtained in other oomycetes, which most often have a
B-glucan/cellulose cell wall type (2, 6, 8, 64). However, whereas
oomycetes usually contain minute quantities of hexosamines in
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FIG. 8. Effect of nikkomycin Z on Aphanomyces euteiches in vitro
growth. (A and B) Effect of NZ on mycelium growth in the absence
(A) or presence (B) of osmoprotectants. A nutritive medium was
inoculated with zoospores in the presence (+NZ) or absence (—NZ)
of various concentrations of NZ (A) or of 100 pM NZ and 0, 100, or
200 mM inositol or sorbitol (B). The hyphal density was determined
after 3 days of incubation as described in Materials and Methods. The
ratios between the absorbances of the mycelium treated with NZ and
not treated with NZ are reported. Data are means = SD (error bars)
from three independent experiments. ODs,s, optical density at 595 nm.
(C) Microscopy observation of A. euteiches treated with NZ in the
presence or absence of osmoprotectants. The assay was performed as
above in the absence (a) or presence (b) of 100 wM NZ alone or in
combination with 200 mM inositol (c) or sorbitol (d). The arrow shows
a hyphal tip bursting. Bars = 50 pm.

their cell walls, this study showed that a significant proportion
of GIcNAc is present in Aphanomyces. Biophysical analyses
suggested that the GIcNAc-containing material of the Apha-
nomyces cell wall is not crystalline chitin but that it corresponds
to noncrystalline chitosaccharides instead. The detrimental ef-
fect of the chitin synthase inhibitor nikkomycin Z showed that
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FIG. 9. Effect of nikkomycin Z on wheat germ agglutinin labeling
of Aphanomyces euteiches. A nutrient medium containing 200 mM
sorbitol was inoculated with zoospores in the presence (+NZ) or
absence (—NZ) of 100 uM NZ. After 3 days of growth, the samples
were incubated with a FITC-WGA conjugate and analyzed by epiflu-
orescence microscopy. The pixel intensity of fluorescence was scanned
along lines perpendicular to hyphal axes at a distance of either 10 pm
(top panel) or 2.35 um (bottom panel) from hyphal tips. Note the
decrease of fluorescence intensity in the NZ-treated samples com-
pared to the untreated ones. Within the hyphae (i.e., between the
peaks corresponding to the cell wall), the fluorescence intensity does
not return to background level due to signal originating from out-of-
focus planes. The experiment was repeated twice independently, and
the data are means = standard errors (error bars) of scans performed
on four different hyphae from a representative experiment.

these components are necessary for cell wall integrity. Thus, it
can be hypothesized that they might participate in cell wall
scaffolding by being linked to other cell wall polysaccharides.
In Saccharomyces cerevisiae, for example, chitin occurs in var-
ious proportions depending on the physiological state and on
its subcellular localization, as a free polymer or as a polymer
bound to (1— 3)-B-glucan or (1— 6)-B-glucan chains (13, 46).
Remarkably, it was observed that linkage of chitin to (1—
6)-B-glucan greatly increases its solubility compared to free
chitin (13). Here the use of specific glucanases allowed us to
show that most of the A. euteiches chitosaccharides are asso-
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FIG. 10. Effect of nikkomycin Z on Aphanomyces euteiches chitin
synthase gene expression. Expression of the AeCHS1 and AeCHS?2
genes in the absence (—NZ) or presence (+NZ) of 50 uM NZ.
AeCHS1 and AeCHS2 mRNA copy numbers were determined by
RT-qPCR and standardized by the mRNA copy numbers of an a-tu-
bulin gene. The means + SD (error bars) of the resulting gene expres-
sion ratios calculated from three independent experiments are shown.

ciated with (1— 6)-B-glucans, and size exclusion chromatogra-
phy analysis of enzymatic hydrolysis products showed that
GlcNAc-enriched compounds were distributed around the mo-
lecular weight value of 10,000. The fact that these chitosaccha-
rides are soluble and the presence of glucose in the corre-
sponding fractions suggest that they correspond to GIcNAc
polymers branched with glucose oligomers. The major differ-
ence between A. euteiches and S. cerevisiae cell wall GIcNAc
polymers might then be summarized as the absence of free
chitin in A. euteiches. Further studies are necessary to confirm
this interpretation and fully characterize the A. euteiches chi-
tosaccharides.

Comparison of the cell walls of A. euteiches and S. monoica
reveals similarities but also striking differences. Both organ-
isms have a glucose-rich cell wall that in addition contains
GlecNAc (12), and WGA labeling showed in both organisms
that the GIcNAc components are not present only in the inner
cell wall layers, in contrast to what is usually observed in true
fungi (16, 70, 84). Leal-Morales et al. (50) mentioned that the
GlcNAc-containing material was uniformly distributed
throughout the mycelial walls of Saprolegnia, a feature that is
likely to occur also in Aphanomyces, as the proportion of
GlcNAc in KOH-MeOH cell walls, where the amorphous su-
perficial layers have been solubilized by treatment with hot
KOH-MeOH, was the same as in crude cell walls. In Saproleg-
nia, however, the GIcNAc components are true crystalline
chitin that accounts for only 0.7% of the cell wall and is not
essential for hyphal growth (12), whereas in Aphanomyces
these components are noncrystalline chitosaccharides that ac-
count for ca. 10% of the cell wall and are required for hyphal
growth. These differences suggest that there is substantial vari-
ability in cell wall structure, and thus biology, within a single
phylum, such as the Saprolegniales.

At the molecular level, our study led to the identification of
two new putative chitin synthase sequences of a Saprolegniale
species, corresponding to two putative CHS genes that are
expressed in A. euteiches. Two CHS genes were also detected
in both S. monoica and Plasmopara viticola (54, 87), and addi-
tional putative CHS sequences from a few oomycete species
can be found in the NCBI database. With the exception of the
SmCHS?2 sequence, they are all very short. Careful examina-
tion of the available Phytophthora genome sequences revealed
the presence of two genes in P. sojae and P. ramorum, whereas
only one gene was found in P. infestans. The corresponding
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full-length protein sequences were included in a data set to-
gether with the SmCHS2, AeCHS1, and AeCHS2 sequences to
draw a phylogenetic tree of oomycete CHSs. Evolutionary dis-
tances at the constructed dendrogram suggest that oomycete
enzymes originate from an ancient common ancestor gene that
underwent duplication before the major oomycete lineages
diverged, with subsequent loss of one paralog in P. infestans.
The various other putative CHS fragments that have been
characterized thus far are likely to share this ancestry (data not
shown), except for the Plasmopara viticola CHS2 (PvCHS2)
fragment which is not related to the other oomycete CHS
sequences (87). This discrepancy suggests that oomycete CHSs
might be more diverse than expected. More sequence infor-
mation is needed to draw a more comprehensive scheme of
oomycete CHS evolution, and the significance of the presence
of CHS genes in organisms reported not to contain chitin (e.g.,
Phytophthora) should be further investigated.

True fungi have at least three CHS genes, a redundancy that
corresponds to different patterns of expression and comple-
mentary biological roles. In Saccharomyces cerevisiae, chs1 en-
codes a repair enzyme, whereas chs2 is involved in the synthe-
sis of the central layer of the primary septum and chs3 forms
the chitin ring during budding (14, 71). There is evidence for
differential expression of CHS genes in Plasmopara viticola,
where PvCHS1 was shown to be constitutively expressed,
whereas PvCHS? is specifically transcribed in sporangiophores
and sporangia (87). In S. monoica, weak expression of both
CHS genes was observed in the mycelium, but their regulation
was not investigated. For A. euteiches, we observed similar
expression of both genes in the mycelium, but only one re-
sponded to NZ treatment, thus suggesting that they do not
share the same biological role. Their expression pattern during
development of Aphanomyces in vitro and in planta is worthy
of investigation. In addition, reverse genetics studies should
help decipher their respective role in cell wall synthesis and
function and the possible occurrence of a cell wall salvage
pathway. Procedures for such studies, based on gene silencing
or RNA interference after protoplast or Agrobacterium-medi-
ated transformation, have been established in some Phytoph-
thora species (44) but are not routine (33) and are not yet
established in Aphanomyces.

Chitin is an essential component of fungal cell walls, but the
redundancy of the CHS genes has been invoked as a major
difficulty in designing antifungal compounds that efficiently
target chitin synthesis (66). On the other hand, it was shown
that disruption of only one CHS gene could lead to a drastic
reduction in the pathogenicity of plant parasites (53, 74, 86,
88), suggesting that targeting only one enzyme might be suffi-
cient. Apparently, there are fewer CHS genes in oomycetes
than in fungi. The fact that chitin synthesis is an essential
process in Aphanomyces leads to the conclusion that chitin
synthesis should not be underestimated as a target for design-
ing new compounds aiming at controlling plant diseases caused
by oomycetes. Preliminary data suggest that, although not con-
ferring lasting protection, the addition of 100 uM NZ to the
zoospore inoculum can delay the development of root rot
symptoms. This suggests that a higher concentration of NZ
would be necessary to potentially protect the plants by foliar
application or by incorporation to the soil. This, together with
the high cost of this chemical and the fact that chitin occurs in
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numerous other organisms, including beneficial mycorrhiza or
pollinating insects, makes necessary the isolation of more-ac-
tive and specific compounds before envisaging crop protection
against oomycetes by targeting CHSs.

Labeling of Aphanomyces hyphae with a FITC-WGA conju-
gate has important implications, considering that A. euteiches is
a major pathogen of legumes. It shows that the chitosacchar-
ides are exposed on the microorganism’s surface, as was al-
ready shown in Plasmopara viticola (87). This contrasts mark-
edly with the situation in true fungi where chitin is usually
embedded in inner cell wall layers. It is well-known that plants
defend themselves by producing a large array of hydrolases
targeted to pathogen cell walls, including endo- and exochiti-
nases. Upon pathogen attack, the chitooligosaccharides (COS)
that are released by these enzymes are perceived as nonself
compounds by the host plant and elicit defense responses (43).
COS signaling fits with the concept of microbe (or pathogen)-
associated molecular patterns that describes the molecular ba-
sis of innate immunity in plants and animals (51, 60). Recently,
it was shown that the avirulence protein AVR4 of Cladospo-
rium fulvum exhibits chitin-binding activity and functions as a
virulence factor by shielding the fungal chitin and presumably
protecting it from degradation and/or perception by the host
(84). Another possible escape from chitinase-mediated COS
generation and recognition is the conversion of chitin to chi-
tosan as soon as the parasite penetrates the plant (30). In this
context, it is striking that 4. euteiches exposes chitosaccharides
at its surface. As it was shown that the elicitor activity of linear
COS in various plants depends on their degree of polymeriza-
tion (72), we have undertaken the purification of the A. eu-
teiches cell wall GIcNAc-containing material in order to deter-
mine its structure and assess its activity. Depending on the
perception system operating in Medicago truncatula, it might
act as an active elicitor by itself. Alternatively, it could act in
association with other cell wall glucans, as one of the most
potent elicitors in legumes is a well-characterized hepta-B-
glucoside oomycete cell wall fragment (21, 72).

In conclusion, our data demonstrate for the first time in a
phytopathogenic oomycete species the presence of significant
amounts of exposed cell wall chitosaccharides, which might be
perceived by the host plant. In addition, they show the involve-
ment of these chitosaccharides in cell wall integrity, suggesting
that the chitin biosynthetic pathway may be a potential target
of antioomycete compounds.
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