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Oomycetes are a diverse group of 
filamentous eukaryotic microbes 

comprising devastating animal and plant 
pathogens. They share many characteris-
tics with fungi, including polarized hyphal 
extension and production of spores, but 
phylogenetics studies have clearly placed 
oomycetes outside the fungal kingdom, 
in the kingdom Stramenopila which also 
includes marine organisms such as dia-
toms and brown algae. Oomycetes dis-
play various specific biochemical features, 
including sterol metabolism. Sterols are 
essential isoprenoid compounds involved 
in membrane function and hormone 
signaling. Oomycetes belonging to 
Peronosporales, such as Phytophthora sp., 
are unable to synthesize their own sterols 
and must acquire them from their plant or 
animal hosts. In contrast, a combination 
of biochemical and molecular approaches 
allowed us to decipher a nearly com-
plete sterol biosynthetic pathway lead-
ing to fucosterol in the legume pathogen 
Aphanomyces euteiches, an oomycete 
belonging to Saprolegniales. Importantly, 
sterol demethylase, a key enzyme from 
this pathway, is susceptible to chemicals 
widely used in agriculture and medicine as 
antifungal drugs, suggesting that similar 
products could be used against plant and 
animal diseases caused by Saprolegniales.

Sterols in Oomycetes: The First 
Oomycete Biosynthetic  

Pathway Deciphered  
in Aphanomyces euteiches

Sterols are isoprenoid compounds synthe-
sized from a C5 isopentenyl diphosphate 
building block leading to the oxygenated 
isoprenoid oxidosqualene C30 compound. 

They are essential components of the 
membranes of all eukaryotic organisms, 
controlling membrane fluidity and perme-
ability. Sterols are highly diverse in nature 
but only a few major sterols are found in 
a given biological lineage (Fig. 1). For 
example, cholesterol is the major sterol 
found in animals whereas fungi synthesize 
ergosterol, and plants synthesize a variety 
of 24-ethyl sterols such as stigmasterol. 
Some parasites have lost the ability to 
synthesize sterols and must acquire them 
from their host during pathogenesis. This 
is the case for apicomplexan parasites, 
such as Toxoplasma sp., and for oomycetes 
belonging to the Peronosporales such as 
Phytophthora sp. However, oomycetes 
belonging to the Saprolegniale group are 
sterol prototrophs and our study provides 
the first detailed analysis of a sterol biosyn-
thesis pathway in an oomycete. Annotation 
of a large EST collection revealed a series of 
sequences unique to Aphanomyces euteiches 
and absent in Phytophthora genomes.1 
Most of these sequences showed omology 
to enzymes involved in sterol metabolism. 
Analyses of mycelium grown in a sterol-
free medium revealed that fucosterol was 
the major sterol produced by A. euteiches, 
using 3-hydroxy-3-methylglutaryl coen-
zyme A as a precursor.2 Lanosterol, a key 
intermediate found in animal and fungi, 
was also identified. Fucosterol was initially 
characterized in brown algae and the pres-
ence of fucosterol in A. euteiches strength-
ens the phylogenetic relationship between 
oomycetes and brown algae.3

Sterols and Plant Immunity

The fungal sterol ergosterol has been 
shown to elicit defense responses in 
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Sterol Synthesis: New Target for 
Anti-Oomycetal Chemicals?

Sterol synthesis is a major target of fungi-
cides which inhibit a demethylation step 
catalysed by a cytochrome P450 enzyme 
belonging to the CYP51 class. The class 
of triazole fungicides, which target 
CYP51 enzymes, represents the largest 
class of fungicide with more than 20% 
of total fungicide sales in agriculture.13 
These molecules are also widely used as 
antifungal agents against human patho-
gens such Candida albicans or Aspergillus 
fumigatus.14 Since Phytophthora species 
and other Peronosporales do not pos-
sess CYP51 enzymes,15 these fungicides 
are inefficient against diseases caused by 
these pathogens. However, identification 
of a CYP51 enzyme in A. euteiches sug-
gested that triazoles could be used against 
this pathogen. Two triazoles were found 
to efficiently inhibit A. euteiches myce-
lium growth. Sterol analyses revealed 
an increased amount of lanosterol, the 
CYP51 substrate, in triazole-treated myce-
lium, confirming that this enzyme is an in 
vivo target of triazoles. This preliminary 
experiment opens the way for investigat-
ing the potential use of triazoles against 
Aphanomyces diseases, and more gen-
erally against animal and plant disease 
caused by Saprolegniales.

Conclusion

The kingdom Stramenopila comprises a 
large number of diverse autotrophic and 
heterotrophic organisms with high eco-
logical importance, such as photosynthetic 
algae (diatoms and brown algae) and the 
fungal-like oomycete parasites, for which 
there is a large gap in knowledge of pri-
mary and secondary metabolism. The dis-
covery of a new sterol biosynthetic route 
in A. euteiches could be probably gener-
alized to other saprophytic and parasitic 
Stramenopiles and this study shows that 
acquiring and analysing large genomic 
data from a small number of models can 
dramatically increase our knowledge on 
organisms which were largely ignored by 
the scientific community.

targets preferentially the fungal-specific 
sterol ergosterol, and not oomycete sterols 
(Bottin A, et al., unpublished).

Another link between plant immu-
nity and sterols concerns elicitins, 
which are extracellular proteins, pro-
duced by Phytophthora sp. and other 
Peronosporales genera.7 These proteins 
have been found to bind sterols and 
it was proposed that they play a role as 
sterol carriers.8,9 Interestingly, elicitins 
were first discovered based on their abil-
ity to induce a hypersensitive response on 
tobacco plants, and it was proposed that 
their eliciting activity could be linked to 
their binding to sterols.10,11 Perception 
of elicitins has been suggested to play a 
key role in restricting the host range of 
Phytopthora species.12 Up to now, no elic-
itin gene was detected in Saprolegniales 
species, suggesting that expansion of the 
elicitin family in Peronosporales is cor-
related with the loss of the sterol biosyn-
thetic pathway. Conversely, plants have 
evolved mechanisms which detect elici-
tin-sterol complexes. Thus a sterol-medi-
ated perception of Saprolegniales seems to 
be absent since fucosterol does not induce 
a detectable plant response and elicitin 
genes are not present in these organisms.

various plant systems.4-6 In tomato 
cells, alkalinization of the extracellu-
lar medium was observed in response 
to subnanomolar concentrations of the 
molecule.4 Concentrations higher than 
1 nM induced an oxidative burst in 
tobacco cells, and a marked accumula-
tion of capsidiol, an antimicrobial com-
pound, was observed when more that 
100 nM ergosterol was used.5 Recently, 
the defense-inducing activity of a high 
concentration of ergosterol (200 μM) 
was demonstrated in grape, where it trig-
gered WRKY, VvLTP1, and stilbene syn-
thase gene expression in plantlets. This 
was correlated with resveratrol accumu-
lation and enhanced protection against 
Botrytis cinerea.6 In these studies, choles-
terol was shown to be inactive, whereas 
the activity of fucosterol was not inves-
tigated. We thus recently checked the 
biological activity of sterols in M. trun-
catula by treating plantlets with 30 μM 
of either ergosterol, fucosterol or cho-
lesterol. Preliminary data indicated that 
ergosterol induced an oxidative burst and 
expression of some defense genes, whereas 
the other two sterols did not. This sug-
gests that plants have evolved a system 
for recognition of exogenous sterols that 

Figure 1. Sterol diversity in eukaryotes. Sterols are synthesized from the common precursor 
squalene. a key step involves a P450 enzyme (cYP51) which uses lanosterol in animals, Fungi, and 
Stramenopiles, and obtusifoliol in green plants as substrates. the asterisk indicates that ergosterol 
is a sterol inducing plant immunity. Stigmasterol is shown as a representative plant sterol.
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