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Analyses of Extracellular Carbohydrates in Oomycetes Unveil the
Existence of Three Different Cell Wall Types
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Some of the most devastating plant and animal pathogens belong to the oomycete class. The cell walls of these microorganisms
represent an excellent target for disease control, but their carbohydrate composition is elusive. We have undertaken a detailed
cell wall analysis in 10 species from 2 major oomycete orders, the Peronosporales and the Saprolegniales, thereby unveiling the
existence of 3 clearly different cell wall types: type I is devoid of N-acetylglucosamine (GlcNAc) but contains glucuronic acid and
mannose; type II contains up to 5% GlcNAc and residues indicative of cross-links between cellulose and 1,3-3-glucans; type III is
characterized by the highest GIcNAc content (>5%) and the occurrence of unusual carbohydrates that consist of 1,6-linked
GlcNAc residues. These 3 cell wall types are also distinguishable by their cellulose content and the fine structure of their 1,3-3-
glucans. We propose a cell wall paradigm for oomycetes that can serve as a basis for the establishment of cell wall architectural
models and the further identification of cell wall subtypes. This paradigm is complementary to morphological and molecular
criteria for taxonomic grouping and provides useful information for unraveling poorly understood cell wall carbohydrate
biosynthetic pathways through the identification and characterization of the corresponding enzymes.

he oomycete class comprises a large number of eukaryotic sap-

robes and parasites that are widely distributed worldwide.
Some of these microbial species have important environmental
and economic impacts as pathogens of plants or animals, in both
natural habitats and industrial cultures. Typical examples are the
plant pathogen Phytophthora infestans, responsible for the late
blight disease in potato (1), and the salmonid pathogen Saproleg-
nia parasitica (2). Annual losses in the agriculture and aquaculture
industries due to pathogenic oomycetes represent tens of billions
of dollars globally (3, 4).

Although oomycetes grow in a vegetative mycelial form as true
fungi, they are classified in a completely different taxonomic
group, the Stramenopiles, together with diatoms and brown algae
(5). Oomycetes and fungi can be biochemically distinguished by
their cell wall polysaccharide composition. As opposed to fungi,
which contain chitin as a cell wall scaffold, oomycetes are classi-
cally described as containing no or very small amounts (<1%) of
this carbohydrate. Instead, cellulose occurs in oomycetes together
with a high proportion of other 3-glucans (6-9). This distinction
between fungal and oomycete cell walls was established in the
1960s and 1970s on the basis of techniques of limited analytical
performance, such as paper chromatography. In addition, this
pioneering work was restricted to a few species only, thereby pro-
viding limited information on the diversity of the cell wall com-
position across different oomycete orders. Since then, and as op-
posed to the extracellular matrices of true fungi, oomycete cell
walls have been understudied and their fine composition and
structure remain elusive.

Microbial cell walls are vital for the pathogens and thus repre-
sent an interesting target for disease control. This is illustrated by
the case of pathogenic fungi, for instance, Candida albicans, in
which 1,3-B-glucan biosynthesis can be specifically blocked by
drugs from the echinocandin family (10), thereby leading to cell
death. In addition, our group has recently demonstrated the po-
tential of targeting the biosynthesis of the minor chitin compo-
nent in the oomycete Saprolegnia monoica for disease control (11).
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In this context, deciphering the details of carbohydrate structures
within the three-dimensional oomycete cell wall network is of
great relevance. Indeed, cell wall analysis can be combined with
the identification of novel biosynthetic enzymes that can be
blocked to specifically inhibit the growth of the pathogens. Fur-
thermore, extending these cell wall studies across different orders
of oomycetes may allow the development of species-specific dis-
ease control processes. This will be greatly facilitated by the avail-
ability of an increasing number of sequenced genomes from im-
portant pathogenic oomycetes distributed in different taxonomic
groups. Typical examples of sequenced genomes are the genomes
of the Peronosporales Phytophthora sojae (12), Phytophthora
ramorum (12), P. infestans (13), and Pythium ultimum (14) and
the Saprolegniales S. parasitica (Saprolegnia Sequencing Project,
Broad Institute of Harvard and MIT; http://www.broadinstitute
.org). In addition to the area of disease control, unraveling cell wall
carbohydrate structures across oomycete orders may provide im-
portant information complementary to conventional morpholog-
ical and molecular approaches and can be used as an additional
criterion for taxonomic distinction.

The objective of our work was to gain further insight into the
cell wall carbohydrate composition in oomycetes as a first step
toward the elaboration of three-dimensional architectural mod-
els. With this goal in mind, we have undertaken a detailed poly-
saccharide analysis of the mycelial walls of 10 oomycete species
from two major orders, the Peronosporales and Saprolegniales.
The selected microorganisms are representative of the saprobe
and the plant and animal parasite groups. An experimental work
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flow that can be applied to any microbial fungus-like cells was
implemented. The procedure involves carbohydrate fraction-
ation, and the analytical part integrates quantitative monosaccha-
ride and linkage determinations. This study unveiled the existence
of three different cell wall types across the Peronosporales and
Saprolegniales. Criteria allowing the distinction between these
three cell wall types are presented, and evidence that these can be
combined with morphological and molecular profiling for taxo-
nomic grouping is provided.

MATERIALS AND METHODS

Strains and culture methods. All analyses were performed on the myce-
lial cell walls from 10 different Peronosporales and Saprolegniales strains
representing saprobes and plant and animal pathogens. The strains were
from (i) the Centraal Bureau voor Schimmel Culture (CBS; Baarn, The
Netherlands) [P. infestans (Mont.) de Bary 1876 (CBS 120920; GenBank
accession number JX418021), S. monoica Pringsheim 1858 (CBS 539.67;
GenBank accession number JX418016), and S. parasitica Coker 1923
(CBS 223.65; GenBank accession number JX418013)] or (ii) the culture
collection of the Real Jardin Botdnico (Madrid, Spain) [Saprolegnia ferax
(Gruith) Kiitz 1843 (SAP0479; GenBank accession number JX418014),
Saprolegnia anisospora de Bary 1888 (SAP1148; GenBank accession num-
ber JX418015), Achlya caroliniana Coker 1923 (SAP1240; GenBank acces-
sion number JX418018), Leptolegnia sp. (SAP0772; GenBank accession
number JX418017), and Dictyuchus sp. (SAP1135; GenBank accession
number JX418019)] or (iii) provided by A. Bottin (University of Tou-
louse, Toulouse, France) [Aphanomyces euteiches Drechsler 1925 (ATCC
201684; GenBank accession number JX418020) and Phytophthora para-
sitica Dastur 1913 (GenBank accession number JX418022)].

All strains were maintained on potato dextrose agar (Sigma-Aldrich).
For cell wall analyses, the mycelia were grown in the liquid medium of
Machlis (15) for 5 to 7 days at 25°C, as previously described (16).

DNA amplification and sequencing. DNA extraction and PCR were
performed as described earlier (17). The internal transcribed spacer (ITS)
regions were amplified using universal primers for eukaryotes, namely,
un-SSU-1766 (ITS5, 5'-GGAAGTAAAAGTCGTAACAAGG-3') and un-
LSU-0041 (ITS4, 5'-TCCTCCGCTTATTGATATGC-3") (18). The am-
plified products were sequenced (3730x] automated DNA sequencer; Ap-
plied Biosystems, Macrogen, The Netherlands), and their consensus
sequences were assembled and edited using the Sequencher program (ver-
sion 4.2; Gene Codes Corporation).

Phylogenetic analyses. Additional sequences of the following patho-
gens were included in the phylogenetic analysis: Peronospora sparsa Berk.
1862 (GenBank accession number AF266783), Pythium irregulare Buis-
man 1927 (GenBank accession number HQ643659), and Lagenidium cau-
datum G. L. Barron 1976 (GenBank accession number HQ643136). The
Haliphthoraceae Halodaphnea panulirata (Kitanch. & Hatai) M. W. Dick
1998 (GenBank accession number AB285512) was used as an outgroup.
Multiple alignments were performed using the default settings of the
MAFFT (version 6.903b) program (19, 20) and the L-INS-i algorithm
(21). The alignments were adjusted by visual examination using the soft-
ware Se-Al (version 2.0al1 Carbon).

The phylogenetic analysis was performed with MrBayes (version 3.2)
software (22). The program jModeltest (version 0.1.1) (23) was used to
select the optimal model of the nucleotide evolution (HKY +G) and the
appropriate parameters for building the phylogenetic trees. The following
settings were used: the number of substitution types (nst) was 2; the num-
ber of rate categories for the gamma distribution (ncat) was 4; rates were
gamma; state frequencies (Statefreqpr) were 0.2500, 0.1752, 0.2305, and
0.3443; the gamma shape parameter (Shapepr) was 0.5740; the propor-
tion of invariable sites (Pinvarpr) was 0; the number of generations
(Ngen) was 10,000,000; 2 independent analyses (Nruns) with 4 chains
(Nchains) were performed with a sampling every 1,000th generation;
burn-in was 25%; and the deviation of split frequencies was <0.01. The
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FIG 1 Preparation and fractionation of cell wall carbohydrates.

final tree was edited with the FigTree (version 1.3.1) and Adobe Illustrator
programs.

Preparation and fractionation of cell walls. Cell wall polysaccharides
were extracted and fractionated from purified cell walls as outlined in Fig.
1. The mycelia from the different species grown in the liquid medium of
Machlis (15) were washed extensively with distilled water and immedi-
ately frozen in liquid nitrogen. The cells were disrupted in liquid nitrogen
using a mortar and pestle. The resulting fine powders were subjected to 3
consecutive extractions of 6, 12, and 8 h in 70% (vol/vol) ethanol. The
ethanol-insoluble materials recovered after each step were concentrated
by centrifugation at 4,000 X g for 10 min at 4°C. The suspensions were
then successively filtered through glass-fiber filters (GF/A; Whatman),
washed 6 times with 70% ethanol and 6 times with acetone, and dried
under vacuum (SpeedVac Plus; Savant) at room temperature. Proteins in
the resulting alcohol-insoluble residues (AIRs) were removed by heating
the samples at 80°C for 10 min in a 50 mM Tris-HCI buffer (pH 7.8)
containing 2% (wt/vol) sodium dodecyl sulfate (SDS), 40 mM 2-mercap-
toethanol, and 10 mM EDTA. This extraction step was repeated 3 times,
and the remaining suspensions were filtered through glass-fiber filters, as
described above. The residues recovered after final washes in 70% ethanol
and acetone, as described above, corresponded to the purified cell walls.
The latter were dried under vacuum and fractionated into an alkali-solu-
ble fraction (ASF) and an alkali-insoluble fraction (AIF). For this purpose,
the cell walls were resuspended in 80% (vol/vol) methanol containing 5%
(wt/vol) KOH and 0.1% (wt/vol) NaBH,. After each of 3 consecutive
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FIG 2 Phylogenetic relations between oomycete species from the Peronosporales and Saprolegniales orders. Phylogenetic relationships based on 14 ITS
ribosomal DNA sequences showing the distribution of 10 selected oomycete plant and animal pathogens are presented. The Haliphthorales Halodaphnea
panulirata was used as an outgroup. Posterior probabilities are provided for branches receiving 0.5 or more support. **, posterior probabilities higher than 0.9;
*, posterior probabilities lower than 0.9. The names of the species selected for cell wall analyses are underlined.

treatments of 15 min at 100°C in this solution, the ASF and AIF samples
from each strain were recovered by centrifugation at 5,000 X g for 10 min
and pooled. The AIFs were washed 3 times with 0.5 M acetic acid and
water. The first wash was pooled with the corresponding ASF, and the pH
was adjusted to 6.0 using glacial acetic acid. The ASF and AIF samples were
freeze-dried after a dialysis step (molecular mass cutoft, 3,500 Da; Spectra/
Por; Spectrum Laboratories) against deionized water to remove solutes of
a small molecular mass (the dialysis tubings were thoroughly washed be-
fore use to eliminate any contaminants potentially associated with the
membranes). The presence of glycogen/starch-like polymers in the sam-
ples was ruled out by performing carbohydrate analyses at different steps
of the fractionation procedure, before and after enzymatic hydrolysis in
the presence of amylases (24). Since identical total sugar and glycosidic
linkage profiles were obtained from all samples analyzed before and after
enzymatic treatment, the amylase hydrolytic step was omitted in the final
procedure to avoid the introduction of undesirable proteins in the cell
wall extracts.

Monosaccharide analysis. Total sugar analysis was performed as de-
scribed by Albersheim et al. (25) with some modifications. The freeze-
dried ASF and AIF samples (1 mg) were hydrolyzed in the first instance in
the presence of 2 M trifluoroacetic acid (TFA) at 121°C for 3 h. The
TFA-resistant materials were further hydrolyzed with 6 N HCl at 100°C
for 16 h. myo-Inositol was used as an internal standard. The resulting
monosaccharides were converted to alditol acetates (25), separated, and
analyzed by gas chromatography (GC) on a SP-2380 capillary column (30
m by 0.25 mm [inner diameter]; Supelco) using an HP-6890 GC system
and an HP-5973 electron-impact mass spectrometer (EI-MS) as a detec-
tor (Agilent Technologies). The temperature program increased from
180°C to 230°C at a rate of 1.5°C min ™~ .

Determination of uronic acid contents was performed on the TFA
hydrolysates by high-performance anion-exchange chromatography
(HPAEC) on a CarboPac PA-10 anion-exchange column (4.6 by 250 mm;
Dionex) using a pulsed amperometric detector (PAD; Dionex ICS 3000
system). Monosaccharides were eluted at 1 ml min~" using a linear saline
gradient: 100 mM NaOH to 100 mM NaOH-300 mM sodium acetate
over 20 min.

Glycosidic linkage analysis. Polysaccharide networks in the dry ASF
and AIF samples (0.5 mg) were first swollen in 200 pl dry dimethyl sul-
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foxide (DMSO). Ten microliters of DMSO containing 0.3 mg liter " sul-
fur dioxide and 5 pl of diethylamine was added, and the samples were
subsequently sonicated for 20 min and stirred under argon at room tem-
perature for 3 h. Methylation reactions were performed using the NaOH/
CH,I method (26), by repeating 5 times the methylation step on each
sample, thereby avoiding any risk of undermethylation. Partially methyl-
ated polysaccharides were hydrolyzed in the presence of 2 M TFA at 121°C
for 2 h and further derivatized to permethylated alditol acetates (25). The
latter were separated and analyzed by GC/EI-MS on a CP-Sil 5 CB capil-
lary column (30 m by 0.25 mm [inner diameter]; Agilent Technologies)
with a temperature program increasing from 160°C to 210°C at a rate of
1°C min~'. The mass spectra of the fragments obtained from the per-
methylated alditol acetates (EI-MS) were compared with those of refer-
ence derivatives and by comparison to available data (27).

RESULTS

Evolutionary relationship of the 10 selected oomycete species. A
phylogenetic analysis based on ITS regions from 10 different sap-
robe and pathogen species from the Peronosporales and Saproleg-
niales orders was performed to confirm their taxonomic grouping
and evolutionary relationship. As expected, high values of poste-
rior probabilities verified the existence of a divergent evolution
between members of the 2 orders (Fig. 2). Each of the Saproleg-
niales and Peronosporales orders was subdivided into groups of
species with different lifestyles, namely, vertebrate pathogens,
phytopathogens, and saprotrophs (Fig. 2). In the next part of this
work, we investigated whether the cell wall carbohydrate compo-
sition of the 10 selected species (Fig. 2) reflects or is independent
from the taxonomic grouping.

Saprolegniales, but not Peronosporales, contain different
types of GIcNAc-based carbohydrates. In order to obtain a de-
tailed insight into the extracellular carbohydrate composition of
oomycetes from the orders Saprolegniales and Peronosporales,
cell wall polysaccharides from the 10 selected species were frac-
tionated on the basis of their solubility in alkali, following the
procedure presented in Fig. 1. For all species analyzed, cell walls

Eukaryotic Cell


http://ec.asm.org

A 100

I Achlya caroliniana

[ Aphanomyces euteiches

Dictyuchus sp.

[ Leptolegnia sp.

I Saprolegnia anisospora

[ Saprolegnia ferax

I Saprolegnia parasitica

4 I Saprolegnia monoica L

W Phytophthora infestans /
[0 Phytophthora parasitica

15 A

10 A

5 ._ ||
0 x.miii. .- y | |

Ara Xyl Man Gal Glc GlcNAc

95

90 -

85 -

mol%
AN

mol%

?‘0 P’O ?‘0
b O\& c,\('.v$ Q\Cv$
INSEEEN

Y o¢ ¢ ¢
O o0 ,\6'0 \NO o
E D NS

O AC
) 6’0
A RS

h%e

FIG 3 Carbohydrate analysis of the AIF samples from the 10 selected oomy-
cete species. (A) Monosaccharide composition. Values are means = SDs of six
determinations from 2 independent experiments. Ara, arabinose; Xyl, xylose;
Man, mannose; Gal, galactose; Glc, glucose; GIcNAc, N-acetylglucosamine.
(B) Glycosidic linkage analysis. Values are means * SDs of 5 determinations
from 2 independent experiments. The different glycosidic linkages were iden-
tified by EI-MS.

consisted, on average, of ~70% alkali-insoluble polysaccharides
and 30% alkali-soluble carbohydrates. The AIFs of all oomycetes
contained a high proportion of glucans, i.e., from 87% in the
Saprolegniales A. euteiches to up to 99% in the Peronosporales P.
parasitica (Fig. 3A). A distinguishing feature of the two oomycete
orders was the occurrence of N-acetylglucosamine (GIcNAc)-
based saccharides in the Saprolegniales and the absence of such
carbohydrates in the Peronosporales (Fig. 3 and 4) (see Table 1 for
a list of the abbreviations used for monosaccharides and the cor-
responding permethylated alditol acetate derivatives). With the
exception of A. euteiches, which exhibited a particularly high
GlcNAc content in both the AIF (~12%) and the ASF (~5%),
all other Saprolegniales contained 2.5 to 7% GIcNAc in the AIF
and no more than 1.6% of the monosaccharide in the ASF (Fig.
3A and 4A).

The types of linkages present in the Saprolegniales GIcNAc-
based carbohydrates were determined by methylation analysis
(GC/EI-MS) (Fig. 3B and 4B). The AIFs of all species contained
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FIG 4 Carbohydrate analysis of ASF samples from the 10 selected oomycete
species. (A) Monosaccharide composition. Values are means = SDs of six
determinations from 2 independent experiments. GlcA, glucuronic acid. The
definitions of the other monosaccharides are presented in the legend to Fig. 3A.
(B) Glycosidic linkage analysis. Values are means = SDs of 5 determinations
from 2 independent experiments. The different glycosidic linkages were iden-
tified by EI-MS.

1,4-linked GlcNAc residues, pointing to the occurrence of chitin-
like polysaccharides (Fig. 3B). Interestingly, as opposed to all
other species analyzed, the AIF and ASF from the cell wall of A.
euteiches contained 1,6-linked GlcNAc. This type of residue has
never been reported in any other eukaryotic microorganism. Its
occurrence was evidenced by a specific retention time on the gas
chromatogram (Fig. 5A) and a characteristic MS fragment of 189
(m/z) arising from the cleavage between carbons 3 and 4 (Fig. 5D).
In addition, clear differences in the relative abundance of 45, 99,
129, 142, 145, 173, 202, 205, and 233 (m/z) fragments could be
used to further distinguish the 1,6-linked GlcNAc residue from
the 1,4-linked GIcNAc and t-GlcNAc derivatives (Fig. 5B to D)
(28).

Although all Saprolegniales species contained GIcNAc residues
in their ASF (Fig. 4A), no corresponding permethylated alditol
acetates were detected after methylation analysis of these frac-
tions, except in the case of A. euteiches (Fig. 4B). This is due to the
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TABLE 1 Abbreviations used for monosaccharides and the corresponding permethylated alditol acetates and deduced linkages

Monosaccharide Permethylated alditol acetate Deduced linkage
Mannopyranose (Man) 1,5-Di-O-acetyl-2,3,4,6-tetra-O-methyl mannitol t-Man
1,2,5-Tri-O-acetyl-3,4,6-tri-O-methyl mannitol 1,2-Man
1,4,5-Tri-O-acetyl-2,3,6-tri-O-methyl mannitol 1,4-Man
Galactopyranose (Gal) 1,3,5-Tri-O-acetyl-2,4,6-tri-O-methyl galactitol 1,3-Gal
Glucopyranose (Glc) 1,5-Di-O-acetyl-2,3,4,6-tetra-O-methyl glucitol t-Glc
1,3,5-Tri-O-acetyl-2,4,6-tri-O-methyl glucitol 1,3-Glc
1,5,6-Tri-O-acetyl-2,3,4-tri-O-methyl glucitol 1,6-Glc
1,4,5-Tri-O-acetyl-2,3,6-tri-O-methyl glucitol 1,4-Glc
1,3,4,5-Tetra-O-acetyl-2,6-di-O-methyl glucitol 1,3,4-Glc
1,3,5,6-Tetra-O-acetyl-2,4-di-O-methyl glucitol 1,3,6-Glc
N-Acetylglucopyranosamine (GIcNAc) 1,5-Di-O-acetyl-(2-deoxy,2-N-methylacetamido)-3,4,6-tri-O-methyl glucitol t-GlcNAc
1,4,5-Tri-O-acetyl-(2-deoxy,2-N-methylacetamido)-3,6-di-O-methyl glucitol 1,4-GIcNAc
1,5,6-Tri-O-acetyl-(2-deoxy,2-N-methylacetamido)-3,4-di-O-methyl glucitol 1,6-GIcNAc
Xylopyranose (Xyl) 1,4,5-Tri-O-acetyl-2,3-di-O-methyl xylitol 1,4-Xyl

originally low GIcNAc content (=1.6%) of these fractions
(Fig. 4A) and the detection limit of the method, which is of ~1%.
1,4-Linked (7%) and 1,6-linked (1.5%) GlcNAc residues, together
with t-GlcNAc (3.2%), were present in the AIF from A. euteiches,
whereas 1,4-linked residues (2.2 to 6.9%) and only traces of t-
GlcNAc were observed in the corresponding fractions from the
other Saprolegniales. Altogether, these observations point toward
a lower degree of polymerization of the alkali-insoluble GIcNAc-
based carbohydrates in A. euteiches than other Saprolegniales (if
we assume that all GIcNAc residues arise from homosaccharidic
GlcNAc chains).

Conditions used to release monosaccharides from cell wall car-
bohydrates by acid hydrolysis typically involve a 2- to 4-h treat-
ment at 120°C in the presence of 2 to 4 M TFA. Under such hy-
drolytic conditions, no more than 25 to 73% of the GIcNAc from
the Saprolegniales AIF samples was released (Fig. 6). It is only
when the residual material obtained after TFA hydrolysis was sub-
jected to further acid hydrolysis with HCI (6 M, 16 h at 100°C) that
additional GIcNAc was released from the AIF samples (Fig. 6). The
cell walls of A. euteiches and S. parasitica exhibited the highest
proportion of TFA-extractable GlcNAc (73 and 63%, respec-
tively), whereas S. anisospora and S. monoica showed the opposite
trend, i.e., the lowest percentage of TFA-sensitive GlcNAc-based
carbohydrates in AIF (25 and 34%, respectively). These differ-
ences most likely reflect the occurrence of various structural forms
of GlcNAc-based carbohydrates in different species.

Analysis of cell wall glucans. The lack of GIcNAc in the AIF
isolated from the walls of Peronosporales species was counterbal-
anced by a higher glucose content (Fig. 3A). Indeed, in the case of
P. parasitica and P. infestans, the AIF consisted of 99% glucose
(Fig. 3A), ~50% of which was 1,4-linked and most likely arose
from cellulose (Fig. 3B). Interestingly, A. euteiches was the only
Saprolegniales for which a similar proportion of cellulose (46%)
was measured in AIF, whereas the samples from all other species
contained more of this insoluble polymer (63 to 82% of the AIF)
(Fig. 3B). The lower cellulose content in A. euteiches and the Per-
onosporales was counterbalanced by a higher proportion of glu-
cans containing 1,3- and 1,3,6-linked glucosyl residues (Fig. 3B).
In addition, the Peronosporales and, to a much lesser extent, A.
euteiches exhibited the highest proportion of t-Glc residues. Alto-
gether, these data show that the AIFs from A. euteiches and the
Peronosporales contain a larger amount of 1,3-glucans whose de-
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gree of branching at the 6 position is higher than that in the other
species. Furthermore, since cellulose is typically known to exhibit
ahigh degree of polymerization (>>100) and since the sensitivity of
the GC/MS method is ~1%, it can be assumed that most of the
t-Glc detected in AIFs arises from 1,3-glucans. In this case, the
higher t-Glc abundance in the Peronosporales is indicative of a
lower degree of polymerization of the 1,3-glucans compared to
that in the other species. The AIF samples from A. euteiches and
the Peronosporales also contained traces of 1,2,3- and 1,2,3,6-
linked glucosyl residues (not shown) as well as comparable
amounts (1.4 to 2.3%) of 1,6-linked glucosyl residues (Fig. 3B).
With the exception of A. euteiches and the Peronosporales and in
addition to various amounts of the above-mentioned glucosyl
linkages, all other AIF samples analyzed contained 1 to 1.5% 1,3,4-
linked glucose, suggesting the occurrence of residues cross-linking
1,3-glucans and cellulose.

Analyses of the glucan content of the ASF samples revealed that
1,3-glucans are the most abundant alkali-soluble glucans in all
species (Fig. 4). However, as opposed to Saprolegniales, Perono-
sporales were characterized by a lower proportion of 1,3-, 1,6-,
and 1,4-linked glucosyl residues but a higher content of 1,3,6-
linked glucose (Fig. 4B). This suggests the occurrence of a
higher number of branching points at position 6 in the 1,3-
glucans of the Peronosporales. Furthermore, as opposed to the
AIF, the glucans in the Peronosporales ASF were devoid of 1,3,4-
linked glucosyl residues. The ASFs from all species analyzed con-
tained 1,4-linked glucose, but the proportion of these residues was
48 to 80% lower in the Peronosporales (Fig. 4B).

Interestingly, the ASFs from the 4 species that belong to the
Saprolegnia genus (S. anisospora, S. ferax, S. parasitica, and S.
monoica) exhibited a higher proportion of 1,6-linked glucosyl res-
idues (2- to 9-fold increase) than the other Saprolegniales species
and the Peronosporales (Fig. 4B). Apart from S. monoica, the
other 3 members of the Saprolegnia genus were characterized by a
lower content of 1,3-linked glucosyl residues than the other Sap-
rolegniales species (Fig. 4B).

Peronosporales species exhibit a specific alkali-soluble car-
bohydrate profile. A clear distinction between Saprolegniales and
Peronosporales is the composition of their ASF. Indeed, in addi-
tion to a markedly lower glucan content, the Peronosporales ASF
samples were characterized by a much higher proportion of Man
(4- to 20-fold increase) than their Saprolegniales counterpart
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FIG 5 Methylation analysis of carbohydrates containing N-acetylglucosamine
residues. (A) Gas chromatograph of the permethylated alditol acetates from
methylation analysis of the N-acetylglucosamine-based carbohydrates; (B)
mass spectrum and fragmentation pattern (inset) obtained by EI-MS analysis
of 1,5-di-O-acetyl-(2-deoxy, 2-N-methylacetamido)-3,4,6-tri-O-methyl glu-
citol (deduced linkage, t-GlcNAc); (C) as in panel B but for 1,4,5-tri-O-acetyl-
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I TFA
12 [ HCI

AIF GIcNAc mol%

FIG 6 Extractability of GIcNAc residues from the AIF samples under different
acid hydrolysis conditions. AIF samples were first subjected to acid hydrolysis
for 3 h at 120°C in the presence of 2 M TFA. The TFA-resistant material was
then further hydrolyzed with 6 M HCI for 16 h at 100°C. The amount of
GlcNAc released after each step was quantified in the form of alditol acetates as
described in the Materials and Methods section.

(Fig. 4A). In the ASF samples from all species, the 1,4-linked Man
residues were quantitatively dominant, but only slightly more
dominant than the t-Man residues (Fig. 4B). This indicates that
the chain length of the oomycete mannans is no longer than a
few residues. In some species (A. euteiches, S. ferax, and S. para-
sitica), only traces of 1,2-linked Man were detected (Fig. 4B). All
species also contained minor amounts of Xyl and Gal residues
(Fig. 4A). Due to the low abundance of these monosaccharides,
only 1,4-linked Xyl (not shown) and 1,3-linked Gal (Fig. 4B)
could be detected and unequivocally identified during methyl-
ation analysis.

Another distinguishing feature of the Peronosporales ASF
samples was the occurrence of glucuronic acid (GlcA). While the
Saprolegniales cell walls were devoid of such residues, the Perono-
sporales contained up to 15.7% GlcA (Fig. 4A). However, the type
of glycosidic bond linking GlcA could not be determined because
the corresponding carbohydrate chains are typically degraded by
B elimination in the type of alkali-based extraction and methyl-
ation procedures that we used (29).

DISCUSSION

Pioneering work on oomycetes revealed that the cell walls of this
class of microorganisms consist essentially of 1,3-B- and 1,6-B-
glucans (7-9). As opposed to true fungi, whose cell walls are de-
void of cellulose, oomycetes have historically been described as
containing a rather low proportion of cellulose (4 to 20%) but no

(2-deoxy, 2-N-methylacetamido)-3,6-di-O-methyl glucitol (deduced linkage,
1,4-GlcNAc); (D) as in panel B but for 1,5,6-tri-O-acetyl-(2-deoxy, 2-N-
methylacetamido)-3,4-di-O-methyl glucitol (deduced linkage, 1,6-GlcNAc).
The larger numbers above the MS fragments in panels B to D correspond to the
m/z signals that were used to distinguish the different GIcNAc derivatives.
OAg, acetate; MeOAc, methyl acetate; OMe, methoxy.
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FIG 7 Typical carbohydrate composition of the 3 different cell wall types identified among 10 representative oomycete species. Values (mol%) from a species
representative of each cell wall type (bold font) were calculated by taking into account the relative proportion of the ATF (~70%) and ASF (~30%) samples from
each species. The precise phylogenetic distances between species are shown in Fig. 2.

chitin (6-8, 30). Itis only in later work that some species have been
shown to contain minor amounts of chitin (<0.5%) or up to 10%
of other GlcNAc-based carbohydrates (16, 31, 32). From these
data, a general concept that all oomycete cell walls are similar has
emerged. It should be kept in mind, however, that the information
available is restricted to a limited number of species and based in
many instances on data obtained from global or superficial ana-
lytical methods with rather poor resolution. For this reason, even
in the case of Phytophthora species, which have been the most
studied (6, 33, 34), knowledge on cell wall composition is still
elusive. There is therefore a need to revisit the composition of the
cell walls of the most studied species and to extend these investi-
gations to a larger group of microorganisms to identify order- or
species-specific structural features. This knowledge can be ex-
ploited for uncovering new enzymes involved in the biosynthesis
of specific cell wall carbohydrates and the formation of stabilizing
cross-links between structural polymers. With this information,
new molecular approaches targeting cell wall stability may be de-
vised for disease control.

The primary objective of our work was to gain further insight
into the cell wall structure of important oomycetes, including
some vertebrate and plant pathogens. For this purpose, we have
undertaken carbohydrate analyses on the mycelia of 10 selected
representative species belonging to the Peronosporales and Sap-
rolegniales orders. This has allowed us to (i) demonstrate the ex-
istence of so far unknown linkages and carbohydrates in the walls
of some oomycete species only, (ii) reveal the occurrence of order-
specific monosaccharide units in oomycete cell walls, (iii) uncover
the existence of several types of GIcNAc-based carbohydrates in
the walls of Saprolegniales, and (iv) determine precisely the rela-
tive abundance of the different types of B-glucans that are typically
considered most abundant in oomycete cell walls but whose de-
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tailed analysis has so far remained elusive. A synthesis of these data
has allowed us to unveil the existence of 3 clearly distinguishable
cell wall types and propose a new paradigm for cell wall composi-
tion and structure in oomycetes. Our new cell wall classification is
primarily based on GlcNAc content: type I corresponds to species
devoid of GIcNAc, type IT cell walls contain up to 5% GlcNAc, and
type III cell walls are characterized by more than 5% GlcNAc. In
addition to this primary criterion, each cell wall type can be fur-
ther distinguished from the others by several additional composi-
tional features, as summarized in Fig. 7 and Table 2. While Fig. 3
and 4 represent the carbohydrate compositions of the AIF and
ASF samples, respectively, the summary presented in Fig. 7 corre-
sponds to the carbohydrate content of the whole cell walls; i.e., the
values given have been corrected by taking into account the fact
that the AIF and ASF samples from each species represented, on
average, 70% and 30% of the total cell walls, respectively. The
following paragraphs discuss the properties of the different cell
wall types on the basis of the synthetic data in Fig. 7 and Table 2.

Species from the Peronosporales order are representative of
type I cell walls, as exemplified here with P. infestans and P. para-
sitica. In addition to being devoid of GIcNAg, type I cell walls can
be distinguished from types II and III by the occurrence of GIcA
and a higher Man content (>3% of the total cell wall composi-
tion) in alkali-soluble carbohydrates. Man has previously been
reported in the cell wall of P. parasitica and Phytophthora cinna-
momi, but the amount reported did not exceed 0.6% of the cell
walls (33). It is noteworthy that in the latter case the alkali-soluble
fraction was discarded. Therefore, the mannose content reported
was underestimated compared to that in our work.

Glucosamine was reported in the cell walls of P. parasitica and
P. cinnamomi (33). However, since proteins were not removed
prior to cell wall analysis, it was suggested that glucosamine most
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TABLE 2 Distinguishing criteria of the 3 major oomycete cell wall types *

Establishing a Cell Wall Paradigm in Oomycetes

Carbohydrate content (mol%)

Secondary criteria

Tertiary criteria

Cell wall type Primary criterion,

(representative species) GlcNAc 1,6-GIcNAc GalA Man 1,4-Glc t-Glc 1,6-Glc 1,3,4-Glc 1,3,6-Glc
I (P. infestans) — - + >3 <40 >10 <5 — >10

11 (S. parasitica) <5 - - <3 >40 <6 >5 + <10

11T (A. euteiches) >5 + — <3 <40 <10 <5 — >10

“ The data correspond to the carbohydrate content of whole cell walls. The values have been corrected by taking into account the relative proportion of the AIF (~70%) and ASF

(~30%) samples from each species. +, detected; —, not detected.

likely arose from proteins (33). This is further supported by our
own data, in which no glucosamine was detected in our protein-
depleted cell walls. Interestingly, analysis of the Phytophthora in-
festans genome has revealed the existence of a putative chitin syn-
thase gene in this species (13, 35). Since the cell walls of
Phytophthora species are devoid of chitin and GlcNAc-based poly-
saccharides, as confirmed in our work, the function of this gene
remains elusive. It is possible that it is involved in processes other
than chitin biosynthesis while still encoding an N-acetylglucos-
aminyltransferase. Possible functions consistent with this hypoth-
esis are the biosynthesis of glycan moieties of glycoproteins or the
formation of glycosylphosphatidylinositol (GPI) anchors in GPI
proteins, as both processes require an N-acetylglucosaminyltrans-
ferase activity. Further experimental work is being developed in
our laboratory to determine the actual function of the Phytoph-
thora chitin synthase gene.

The total amount of cellulose in type I cell walls is about 32 to
35%, assuming that all 1,4-linked glucosyl residues quantified
arose from cellulose (as specified in the Materials and Methods
section, no 1,4-a-linked glucan corresponding to glycogen-like
polysaccharides was detected). This cellulose content is signifi-
cantly higher than the 15% typically reported in other Phytoph-
thora species (7). This discrepancy is most likely due to the use of
different approaches for cellulose quantification. Indeed, as op-
posed to the approaches used by others, which preferentially mea-
sure crystalline cellulose only, our analyses based on GC/MS do
not distinguish between crystalline and noncrystalline forms of
cellulose. Since cellulose from Saprolegniales is known to be
poorly crystalline (16), the 15% cellulose content reported in the
literature is underestimated compared to that from our analyses.

Type II cell walls are represented by members of the Saproleg-
niales orders, including the genera Achlya, Dictyuchus, Leptoleg-
nia, and Saprolegnia. These cell walls contain less than 5%
GIcNAc, which was shown to correspond to a-chitin according to
previous work performed in S. monoica (16). A unique feature of
type II cell walls is the presence of 1,3,4-linked glucosyl residues in
the alkali-insoluble fraction, which is indicative of the occurrence
of cross-links between cellulose and 1,3-B-glucans. To our knowl-
edge, this type of cross-link has never been reported in any other
organism. In addition, type II cell walls can be distinguished from
type I cell walls by the occurrence of a higher proportion of glu-
cans, namely, cellulose, 1,6-glucans, and, to a lesser extent, 1,3-
glucans (~10% altogether). Interestingly, since significantly
smaller contents of t-Glc and 1,3,6-linked glucosyl residues were
measured in the AIFs of type II walls, it can be inferred that some
glucans in these fractions exhibit a higher degree of polymeriza-
tion and a lower number of branches in the 6 position than the
alkali-insoluble glucans from type I cell walls. As opposed to the
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reports available in the literature, which merely mention and
discuss glucan contents globally (30, 36-39), we provide here
the first comprehensive quantitative analysis of fractionated
carbohydrates from type II cell walls, including cellulose and
other glucans.

Type Il and type III cell walls can primarily be distinguished on
the basis of their GIcNAc content, which is 2 to 4 times higher in
type III cell walls. The Aphanomyces genus is representative of the
latter cell wall type, as exemplified here with A. euteiches, which
contains nearly 10% GlcNAc. Although a similar GIcNAc content
has previously been reported in this species (32), our work is the
first to reveal the unique structural features of this newly defined
cell wall type. A specificity of type III cell walls is the occurrence of
carbohydrates that consist of 1,6-linked GIcNAc residues in both
the ASF and AIF samples. This unusual type of polysaccharide has
never been reported in any eukaryotic microorganism. It is only in
extracellular biofilms produced by the bacterial genera Escherichia
and Staphylococcus that some 1,6-linked GIcNAc residues have
been described to be part of linear homopolysaccharides (40, 41).
The fine structure of the GlcNAc-based carbohydrates in the type
III cell walls remains to be determined. However, our data suggest
the occurrence of both 1,6-GIcNAc-based saccharides and 1,4-
linked polymers of GlcNAc that most likely correspond to chitin
of alow degree of polymerization. This somewhat contradicts the
earlier conclusion that A. euteiches cell walls are devoid of chitin.
Indeed, in the report from Badreddine et al. (32), it was proposed
that the cell wall GIcNAc residues in A. euteiches arise from soluble
carbohydrates that may be covalently linked to glucans rather than
from free crystalline chitin.

Of all cell wall types, type I1I contains the highest proportion of
1,3-glucans. On the basis of the 1,3,6-linked Glc content, these
polysaccharides exhibit a similar degree of 1,6 branching as the
1,3-glucans from type I cell walls but a higher number of 1,6
branches than type II cell walls. In addition, as for type I cell walls,
type I1I cell walls contain less cellulose and 1,6-glucans than type II
cell walls.

Oomycetes are traditionally described as exhibiting the same
cell wall composition, structure, and organization, regardless of
the order and species considered. The salient finding of our study
is the existence of clearly distinguishable types of cell walls within
this class of eukaryotic microorganisms. The 3 types of oomycete
cell walls defined here can be used as a complement to the mor-
phological criteria and molecular markers typically used for dis-
tinguishing major taxonomic groups. This chemical approach has
allowed the discrimination between groups of species from the
Saprolegniales and Peronosporales orders, complementing the
data from molecular approaches, such as phylogenetic analysis
(Fig. 2).Itis expectable that further cell wall carbohydrate analyses
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on other oomycete orders would uncover variations (subtypes) of
the 3 main types of cell walls described here, instead of leading to
the identification of completely new cell wall types. Indeed, al-
though the same types of major carbohydrates (glucans) are ex-
pected across different orders, specific novel structures may be
identified as more detailed data become available. This is illus-
trated by our discovery of two new types of glycosidic linkages that
(i) suggest the existence of cross-links between cellulose and 1,3-
glucans in type II cell walls and (ii) show the occurrence of poly-
mers of 1,6-GlcNAc in type III cell walls. As opposed to all reports
available in the literature, our work shows that cellulose is not a
minor cell wall component in oomycetes but represents at least
30% of the total cell wall carbohydrates.

At this stage, it is not possible to relate genes that encode pu-
tative biosynthetic enzymes to carbohydrate structures, as the
function of most glycosyltransferases identifiable through ge-
nome analysis has not been demonstrated. We are currently ad-
dressing this question by combining genome and proteome anal-
yses in Phytophthora and S. parasitica with the biochemical
functional characterization of putative carbohydrate synthases. In
conclusion, the new structural knowledge presented here, to-
gether with the identification and characterization of cell wall
polysaccharide biosynthetic enzymes corresponding to newly un-
covered glycosidic linkages, paves the way for the future develop-
ment of disease control measures targeted to the cell walls of some
of the most devastating oomycete pathogens.
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