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Testing of life history traits of a soilborne pathogen in vitro:
Do characteristics of oospores change according the strains
of Aphanomyces euteiches and the host plant infected by the
pathogen?
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Abstract

Aphanomyces euteiches is a polyphagous, homothallic soilborne pathogen producing

France

) . asexual (zoospores) and sexual (oospores) spores. Even if oospores are essential for
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France disease development and survival, to date, no study has focused on the production
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rates of oospores or the quality of the offspring produced by oospores. In this study,
a nonabrasive oospore extraction method from infected roots of leguminous species
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(pea, faba bean and vetch) was developed. This methodology includes steps of grind-
ing and filtration. The quality of oospores (viable, dormant and dead) was assessed
with tetrazolium bromide staining, and germination of oospores was tested using
exudates of peas, faba bean and vetch. The average yield of the extraction method

was approximately 21%. Staining revealed some differences between strains and be-
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tween leguminous species. The germination percentage of oospores extracted from
pea, faba bean and vetch was 25%, 62% and 70%, respectively, and a significant dif-
ference was observed according to the origin of A.euteiches-inoculated strains.
Application of exudates seems to stimulate the germination of oospores (2% for the
control, 18% for pea exudates and 1% for vetch exudates). Differences observed
between A. euteiches strains and leguminous species indicate that more knowledge
concerning the biology of oospores is needed. This will help to better estimate evolu-
tion process of the pathogen and manage resistance and crop successions.
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1 | INTRODUCTION pea areas since 1993 (Didelot & Chaillet, 1995). The increased fre-
quency of peas in French crop rotations since 1978 favoured the

Aphanomyces euteiches is an oomycete pathogen that causes devas- development of the disease in all areas of pea production. To date,

tating root rot in many pea-growing countries, especially France. In
Europe, A. euteiches was first observed in Norway in 1925 (Sundheim,
1972) and was reported a few years later in France (Labrousse, 1933),

where it has been considered to be highly damaging in infested

the disease has been recorded in pea-growing areas such as Bassin-
Parisien, Bretagne, Rhones-Alpes, Pyrénées and Charente-Maritime
regions. Initially considered to only be a pathogen of pea (Scott,
1961), A. euteiches was later reported to also infect other legume
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species including common bean, broad bean, faba bean, clover and
alfalfa (Burnett, Coventry, Hirth, & Greenhalgh, 1994; Greenhalgh &
Merriman, 1985; Lamari & Bernier, 1985; Moussart, Even, & Tivoli,
2008; Pfender & Hagedorn, 1982; Tivoli, Baranger, Sivasithamparam,

Phytopathology

& Barbetti, 2006). It is a phenotypically and genotypically heteroge-
neous species (Griinwald & Hoheisel, 2006; Malvick & Percich, 1997
Le May et al., 2017; Quillévéré-Hamard et al., 2018). Aphanomyces
euteiches is a diploid and homothallic pathogen producing both oo-
spores (sexual reproduction) and zoospores (asexual reproduction;
Griinwald & Hoheisel, 2006). Oospores can survive in the soil for
more than 10 years (Papavizas & Ayers, 1974) and can resist unfa-
vourable conditions (e.g., desiccation and freezing).

Currently, the primary methods to manage the disease in France
include the avoidance of highly infested fields diagnosed using an
inoculum potential test (Moussart et al., 2009) and crop rotations
with non-host or resistant legume crops (Moussart, Even, Lesné, &
Tivoli, 2013). There are no cultivated resistant varieties but consis-
tent Quantitative Trait Loci (QTL) controlling partial resistance have
been identified, validated in pea (Desgroux et al., 2016; Lavaud
et al, 2015) and used in French pea breeding programmes for
the future development of resistant varieties. In order to support
breeding for resistance against A. euteiches populations present in
French pea-growing regions and better understand the potential
adaptation of pathogen populations to genetic resistance, more
knowledge is required about the ecology and genetic diversity of
A. euteiches populations and factors influencing its potential evolu-
tion. The observation of only one pathotype in France (Le May et
al., 2017; Quillévéré-Hamard et al., 2018) may facilitate breeding for
resistance, but vigilance is required regarding the presence of other
pathotypes. Indeed, a similar recommendation was already provided
by Malvick and Grau (2001) to alfalfa breeders, because of the two
races identified within alfalfa isolates. An adaptation event to host
plant resistance (resistant to race 1) was described in alfalfa (Grau,
Holub, & Parke, 1991) suggesting that crop rotations will lead to the
emergence of a new complex of pathogens.

Qospores are the main source of inoculum in soil (Bottin et al.,
2008; Cannesan et al., 2011). They are sub-spherical and have a
thick resistant wall (Bottin et al., 2008; Kraft, Marcinkowska, &
Muehlbauer, 1990) with a diameter between 20 and 23 pm (Wicker,
2001). Oospore germination is induced by the presence of root
exudates (Barton, 1957) and leads to the formation of filamentous
sporangia (Gaulin, Jacquet, Bottin, & Dumas, 2007; Wicker, 2001).
The sporangium differentiates and releases 300-400 zoospores,
the infectious unit of the pathogen, at the level of the apex (Bottin
et al., 2008; Cannesan et al., 2011; Wicker, 2001). These bi-flag-
ellated mobile elements encyst on the root surface before ger-
minating and infecting the host (Bottin et al., 2008; Cannesan et
al., 2011; Rosendahl, 1985). After a few days, the pathogen can
reproduce sexually in the host and form new oospores (Bottin
et al.,, 2008). These oospores representing the survival unit of
A. euteiches can remain dormant in soil or organic debris for more
than 10 years (Bottin et al., 2008; Cannesan et al., 2011; Grau,
Peters, & Shang, 2000; Rosendahl, 1985; Wicker, 2001). Except

the study of Kraft and Boge (1996) showing variation in oospore
production between resistant and susceptible cultivars, no studies
have actually examined other associated life history traits of this
pathogen. Except two recent studies using gPCR to quantify the
mycelium amount of A. euteiches within infected pea roots (Larsen,
Massfield-Giese, & Bodker, 2000; Lavaud et al., 2015; Vandemark
& Griinwald, 2004), no other studies on the other life history traits
of the pathogens, such as the rate of oospore production (Grau
et al., 2000) or the quality of the descendants released by these
oospores have been reported. Oospores are very important struc-
tures in the life cycle of A. euteiches as they ensure the transfer
of genetic information to the offspring and permit survival of the
pathogen. As oospores constitute the central element of the ep-
idemic cycle of A. euteiches, it is important to have a methodol-
ogy allowing for the extraction of these structures from infected
roots. Better knowledge of the production rate of oospores and
germination potential of oospores is essential and will allow us to
better estimate the evolutionary potential of this pathogen and
improve management of plant resistance.

The objective of this work was (a) to develop a nonabrasive
methodology for extracting oospores, (b) to estimate the quality
(number of living/ dead/ latent oospores) of extracted oospores
using a colorimetric methodology and (c) to define the germination
potential of oospores.

2 | MATERIALS AND METHODS

2.1 | Aphanomyces euteiches strains

Five strains of A. euteiches were used in this study. Three French
strains (Rb84, Cé, and B2) belonged to pathotype | (Le May et al.,
2017), and two U.S. strains (MF1 and Ae109) belonged to pathotype
Il (Wicker, Hulle, & Rouxel, 2001). These five strains were isolated
from infested peas and stored on a sterile Corn Meal Agar media at
10°C.

2.2 | Plant material

Pathogenicity tests were conducted on three cultivars of three legu-
minous species that previously showed varying levels of resistance
to the Rb84 strain (Moussart et al., 2008). Plant genotypes included
the following: pea (Pisum sativum) cv. Lumina (susceptible, Nickerson,
France), faba bean (Vicia faba) cv. Baraca (moderately susceptible,
Agrovegetal SA, Spain) and vetch (Vicia sativa) cv. Amethyste (sus-
ceptible, Jouffray-Drillaud, France). Each experiment included four
replicates of four to five plants per cultivar and isolate tested. Each
experiment was repeated once. Seeds were sown in plastic pots
(9 x 9 x 9.5 cm) containing unsterilized vermiculite (VERMEX, M).
Faba bean seeds were soaked in water for 2 hr before sowing. In
each pot, five seeds of one pea, vetch or alfalfa cultivar, and four
seeds of one faba bean cultivar were sown. Each pot constituted
a replicate. Pots were placed in a randomized design in a growth
chamber (thermo period: 25/23°C and 16-hr photoperiod).
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2.3 | Inoculum production and evaluation of
disease reactions

Seven days after sowing, each plant was inoculated by applying 5 ml
of a zoospore suspension adjusted to 5 x 10° spores/ml, as previ-
ously described by Moussart, Wicker, Duparque, and Rouxel (2001).
After inoculation, the vermiculite was saturated with water to pro-
vide favourable conditions for infection. After 10 days, the plants
were carefully removed from the vermiculite, roots were washed in
tap water and disease severity (DS) was scored on each plant using a
0-5 scoring scale (Moussart et al., 2007): 0 = no symptom; 1 = traces
of discoloration on the roots (<25%); 2 = discoloration of 25%-50%
of the roots; 3 = discoloration of 50%-75% of the roots; 4 = discol-

oration of >75% of the roots; 5 = plant dead.

2.4 | Oospores extraction

Methodology used was adapted from Kraft and Boge (1996). Several
steps were considered to extract oospores from infected roots:

crushing, filtration and oospores counting.

2.4.1 | Crushing

For each method, fifteen infested roots were cut with a sterilized
scalpel and then transferred to a grinder (Blender). Crushing was
tested by adding, or not, enzymes. For each condition of the test,
5 ml of non-sterile cold water was added to the grinder. Then the
volume was either supplemented with 6 ml of sterile osmosis water,
6 ml of an enzyme mixture (3 ml of cellulase and 3 ml of pectinex
(polygalacturonase), 0.5 mg/ml of each). Crushing was performed for
1 min (fast speed), and to avoid the loss of material, the ground ma-
terial was collected by rinsing the grinder with 9 ml of sterile water.
Finally, a sonication (1 min at 35 Hz) was performed to separate the
oospores from the mycelium. The root samples treated with the en-
zymes were finally incubated at room temperature for 24 hr under
agitation (250 rpm) to promote enzymatic digestion.

2.4.2 | Filtration

Two methods were tested to separate the oospores from the root
debris: (a) a vacuum filtration and (b) a filtration using a sucrose gra-
dient. For the first method, a 20 ml solution of ground material was
filtered under vacuum through two successive filters (150 pm then
60 pm diameter, Glass Microfiber Filter, Whatman) to remove a max-
imum of debris. To avoid the loss of oospores due to debris accumu-
lation, the Filler was rinsed with 20 ml of sterile water by removing
the coarser fragments. Finally, the solution was filtered through a
final 10 um filter to retain the oospores. To recover the oospores,
the final filter was rinsed with 2 ml of sterile water. For the second
method, a solution containing 0% sugar, 20% then 60% sugar was
prepared. The 20 ml solution of ground material was gently added

to the sucrose gradient to avoid the mixture of the different phases.

_wiLEy-L2

Then, this solution was incubated at room temperature to decant
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24 hr. The upper phase containing the oospores was recovered in

2 ml of solution.

2.4.3 | Oospores counting

To evaluate the extraction performance of each method, oospores
concentration was assessed using a Malassez haemocytometer.
Oospore counting was performed before and after different filtra-

tions to evaluate yield.

2.5 | Evaluation of oospore quality

Filters containing oospores were introduced in 0.1% tetrazolium
bromide (Sigma-Aldrich) in 1 mmol It potassium phosphate buffer
(pH = 6.3) solution and incubated for 24 hr at 35°C in 0.1% of thia-
zolyl blue tetrazolium bromide (MTT) contained in a potassium phos-
phate buffer (1 mol I}, pH = 6.3; Jiang & Erwin, 1990). Filters were
rinsed several times with deionized water, and then, samples were
sonicated at 35 Hz for 90 s in 2 ml sterile water to completely detach
oospores from the filter. Extracted oospores were then microscopi-
cally (Olympus CH40, x200) examined. Oospores were classified
as red-rose, blue, black or unstained. Oospores that stained red to
rose were considered to be viable dormant (dormant), blue were vi-
able activated (viable), and black and unstained non-viable (dead;
Etxeberria, Larregla, & Sorkunde, 2011).

2.6 | Roots exudates extraction and oospore
germination assessment

Root exudates were produced following the methodology described
by Shang, Grau, and Peters (2000). Root exudates were produced
from the legume species used in the initial experiment (pea, faba
bean and vetch). Seeds of each species were rinsed in 95% ethanol,
soaked in 0.2% HgCl for 5 min, and rinsed with sterile, deionized
water three times. Seeds were placed in sterile glass flasks (100 ml,
10 seeds per flask) containing 5 ml of sterile, deionized water. Flasks
were then covered with sterile aluminium foil and kept at room tem-
perature in the dark for 14 days to allow germination and root de-
velopment. To collect exudates, the cover was removed carefully
and 5 ml of a sterile lake water:deionized water mixture (1:1) was
added. One hour after incubation at room temperature, the exudate
solution from each flask was removed with a sterile Pasteur pipet
and stored at 4°C (Shang et al., 2000). To test the effect of each root
exudate on oospore germination, 1 ml of each root exudate was
delivered to each oospore solution placed on Petri dish contain-
ing CMA media so that the oospore was covered by the exudate.
Dishes were incubated for 9 days at 24°C. Germination was evalu-
ated using a light microscope (x100), assuming that an oospore was
germinated if there was a germ tube at least half the diameter of
the oospores, or if the sporangium was present (Shang et al., 2000;
Widmer, 2010).
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2.7 | Statistical analysis

Statistical analysis was performed using the software R (R, version
2.13.0, Gentleman & lhaka, 1996). Statistical analysis was carried out
in order to evaluate the impact of the oospore extraction method
(grindings with and without enzymes, vacuum or sugar gradient fil-
trations) on extracted oospore amount. A Bartlett's test was per-
formed to determine whether the variance in yield was the same for
the per cent harvests homogeneous between the two repeated ex-
periments (Bartlett's K-squared = 0.13489, df = 1, p-value = 0.7134).
Qospore yield was considered as the explanatory variable and the
extraction method as the factor. Then, for each extraction method,
oospore yields were compared with the Tukey test (a = 5%).

ANOVA was performed to evaluate the effect of A. euteiches iso-
late (Rb84, C6, B2, Ae109 and MF1) on the quality of oospore (live,
dead, latency) extracted from different infested root systems (pea,
faba bean and common vetch). For each host root system, a pairwise
comparison was performed using the Tukey test (a« = 5%). A pairwise
comparison, based on the oospore quality estimated on the different
host root system, was performed between the different A. euteiches
isolates.

Finally, the potential of oospore germination was studied for
each A. euteiches isolates by comparing the potential germination
of oospores not exposed to exudate, and oospores exposed to ex-
udates extracted from different hosts (pea and vetch). Data were
analysed using the non-parametric Mann-Whitney tests (p < 0.05).

3 | RESULTS

3.1 | Oospores extraction and control of oospore
quality

In order to optimize the extraction of oospores, different protocols,
combining grinding, enzymatic digestion, filtration and sonication
were tested. Results showed significant differences between the
methods used (p < 0.001; Figure 1). The amount of oospores ex-
tracted with method 1 (grinding with enzyme associated to vacuum
filtration) and method 3 (grinding without enzymes associated to
vacuum filtration) were significantly different from the yield of the
two other methods including grinding step with or without enzyme
digestion and filtrations on a sugar gradient (p < 0.001). Method 1
displayed an average yield of 21% against 4, 14 and 2%, respectively,
for the other methods (Figure 1).

Colorimetric methodology was used to evaluate the quality of
oospores extracted with the first methodology (method 1). In this
experiment, different host plants and A. euteiches isolates were
used to define if the quality of oospores could be influenced by
these factors. Results showed that the percentages of viable and
dormant oospores were significantly different between pea, faba
bean and vetch species (p < 0.001; Figure 2). In particular, results
showed a significant difference in the viability and dormancy sta-
tus of oospores between oospores extracted from pea roots and
those extracted from faba bean and vetch roots (p < 0.001). The

30 9
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.
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Method 3

FIGURE 1 Efficiency (rate of losses between the different steps
of filtration) of the four oospores extraction methodologies on

pea root infested by Aphanomyces euteiches. Method 1: crushing
with enzymes (cellulase, pectinex) and vacuum filtration; Method
2: crushing with enzymes and filtration using a sucrose gradient;
Method 3: crushing without enzymes and vacuum filtration;
Method 4: crushing without enzymes and filtration using a sucrose
gradient
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FIGURE 2 Mean percentage of the different type of oospores
(dead, dormant, viable) extracted from roots of faba bean, pea and
vetch infested by different strains of Aphanomyces euteiches (Rb84,
Cé6, B2, Ae109, MF1)

highest percentage of viable oospores was observed on infested
vetch roots (70%), followed by infested faba bean roots (62%),
and infested pea roots (25%). The percentage of dead oospores
was not different between the different legume species (p = 0.3;
Figure 2).

The effect of A.euteiches strain origin was studied inde-
pendently from the origin of root hosts. On infested pea roots
(Figure 3a), a greater proportion of dormant oospores were ob-
served (50%) than viable and dead oospores. Ae109 strain showed
a significantly (p <0.001) lower proportion of viable oospores
than other strains, and it also had the highest proportion of dead
oospores among strains (p < 0.001). On infested faba bean roots,
significant differences were observed among strains (p < 0.001;
Figure 3b). The proportion of viable and dormant oospores was sig-

nificantly different between the strains of A. euteiches (p < 0.001).
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B2 strain showed a lower proportion of viable oospores and a
higher proportion of dormant oospores (p < 0.001), whereas sig-
nificant differences (p < 0.01) were observed between B2-MF1
and Cé strains. Similar to faba bean, infested vetch roots showed a
higher proportion of viable oospores compared with dormant and
dead oospores roots (Figure 3c). Significant differences among
A. euteiches strains were observed for viable and dead oospores.
B2 and Ae109 produced the highest proportion of viable oospores
(p < 0.001), whereas Cé showed the highest proportion of dead

oospores (p < 0.001) among strains.

3.2 | Effect of roots exudates origin on the
germination potential of oospores

Of the three root exudates tested (peas, vetch and faba bean), only
pea root exudate showed a significantly different oospore germina-
tion rate than the water control (Mann-Whitney, W = 12, p = 0.01;

Journal of S
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A. euteiches strains

Table 1). Differences were also observed according to the origin of
A. euteiches isolates. The isolate B2 had the highest percentage of
germination for oospores stimulated with pea exudates (Table 1).
Exudates extracted from faba bean roots were too low to observe
any effect on oospores germination.

4 DISCUSSION

|
The oospore extraction protocols tested in this work included grind-
ing steps and filtrations. The purpose of this method was to extract
oospores nonabrasively and for the first time directly from infected
legume roots. The method that appeared to be the most efficient
for extracting and recovering a large number of oospores is method
1, which included grindings with enzymes and vacuum filtrations.
Cellulase and pectinex enzymes can actively degrade plant tis-

sues and detach oospores from mycelium that is found in greater
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TABLE 1 Effect of pea and vetch root exudates on the
germination of oospores from the different Aphanomyces euteiches
strains (Rb84, B2, C6, MF1, Ae109)

Phytopathology

Vetch root

Strains Water Pea root exudates exudates
Percentage of germinated oospores

Rb84 5% +2% 14% + 2% 4% + 2%

Cé 2% + 1% 5% + 2% 2% + 1%

B2 2%+ 1% 66% + 2% 0

Ael09 0 5% + 2% 0

MF1 0 0 0

Significant difference on oospore germination rate between pea root
exudate and the two other modalities (vetch root exudate and water
control; Mann-Whitney, W = 12, p = 0.01).

quantity in the final extract (Hord & Ristaino, 1991). This grinding
step was previously used by Frinking and Van der Gaag (1996) to
extract oospores of Peronospora viciae, a foliar pathogenic fungus
of faba bean. These authors also showed that the addition of these
enzymes did not affect the viability of oospores and that the fol-
lowing sonication step allowed a better separation of the oospores
from the debris. Results showed that vacuum filtration led to higher
yield than sugar gradient filtrations (Figure 1). The use of filters of
150 and 60 um helped eliminate a majority of root debris whereas
filtration by decantation on sucrose gradient did not allow for the
separation of oospores from debris. This could be due to the size
of the oospores, similar to that of the root fragments, which would
drag them into the pellet. However, the yield of the method still
needs to be improved. The average yield was 21% compared with
75% for a method of extracting oospores from soil (Frinking & Van
der Gaag, 1997). The main methodology of our protocol was based
on oospore extraction from faba bean leaves (Frinking & Van der
Gaag, 1997). Adapting the methodology to roots is difficult because
of their resistant nature and structure. To improve the protocol, and
more particularly reduce the amount of debris, it would be useful to
test other methodology leading to a better decomposition of root
system, such as a previous step of lyophilization before enzymatic
digestion.

Improvement of this methodology is important for breed-
ing programs. Consistent Quantitative Trait Loci (QTL) con-
trolling partial resistances have been identified, validated in pea
(Desgroux et al., 2016; Lavaud et al., 2015). However, no knowl-
edge is available about the effect of the main resistance QTL on
the disease development or A. euteiches life cycle, which could be
used to support recommendations in QTL pyramiding strategies
to durably increase partial resistance. Kraft and Boge (1996) re-
ported that partial resistance to A. euteiches in pea breeding lines
and germplasm was associated with reduced oospore production,
pathogen multiplication, zoospore germination and slower le-
sion development. The genetic components of partial resistance
targeting these pathogen life cycle steps were not identified.

Precise A. euteiches quantification methods were developed for

finer evaluation of pea resistance during pathogen development,
including enzyme-linked immunosorbent assays, specific fatty
acids analysis or, more recently, A. euteiches DNA quantification
using Quantitative PCR (Kraft & Boge, 1996; Larsen et al., 2000;
Vandemark, Barker, & Gritsenko, 2002; Vandemark & Grunwald,
2005). These methods are highly sensitive, specifically to quan-
tify the pathogen, but they are not useful for evaluating the im-
pact of QTL on more advanced stages of disease development
cycle. Sporulation, measurable as oospore number, is a key life
history trait, essential for pathogen multiplication. Although
our results showed a low efficiency of oospore extraction and
that further optimization is required to improve the oospore ex-
traction, it remains an important tool to study the effects of QTL

on oospore viability.

4.1 | Evaluation of oospore quality

The second part of this work aimed to evaluate if the quality (vi-
able, dormant or dead) of oospores extracted from infected roots
would be affected by to the origin of the A. euteiches strain and
the host plant. Result showed that host plant significantly affected
the proportion of viable, dormant and dead oospores extracted
from roots. Viable oospores represented 25%, 62% and 70%, re-
spectively, on pea, faba bean and vetch. This result is quite sur-
prising as more viable oospores were expected on pea. Indeed, all
the A. euteiches-inoculated strains were more aggressive on pea
than on the two other legume species (Quillévéré-Hamard et al.,
2018). Concerning the impact of strain origin, difference between
strains was observed for all the legume species. Differences were
especially observed in the proportion of viable and dead oospores.
This result suggests that the production and quality of oospores
are more dependent on the origin and resistance level of the host
plant than the origin of the strain. Two hypotheses can be pro-
posed to explain this result. The resistance level of the three leg-
ume species used in this work led to a varying level of disease
expression on roots. On pea root, only 4 days were required to
obtain a necrosis root index score of 4 (disease scale 0-5), while
for both faba beans and vetch, 10 days were necessary to develop
significant symptoms. Since the infected roots used for the oo-
spores extraction were chosen based on their necrosis root index
score, a methodological bias was introduced, and modification on
the protocol is necessary. In order to exclude the potential hypoth-
esis of trade-off between root colonization and production of liv-
ing oospores, it would be interesting to assess the production of
oospores and to evaluate their quality during the dynamic of the
disease with host plant presenting a similar and a different resist-
ance level towards the disease. The second explanation involves
inconsistencies associated with the MTT staining method that
have already been noted (Etxeberria et al., 2011) suggesting that
the evaluation of oospore quality may be subjective. Finally, to
validate the virulence of these oospores, it would be necessary to
have a correlation between visual tests and the ability of oospores
to induce disease (Dyer & Windels, 2003).
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4.2 Effect of the origin of root exudates on the
germination capacity of oospores

Tests showed differences in oospore germination according to the
origin of exudates. Pea exudates led to a higher percentage of germi-
nated oospores than the other two legume species. Differences were
also observed between isolates as Rb84 and B2 isolates showed a
higher number of germinated oospores. These results suggest that
exudates contain specific host plant elements that induce oospore
germination, and oospores will germinate for the root exudates of
their principal host preferably (Grau et al., 2000). It is important to
consider other factors that may influence germination such as oo-
spore age, nutrient environment, temperature or light (Grau et al.,
2000; Hord & Ristaino, 1991). It is therefore not permissible at this
stage to generalize our results without first making improvements
to the protocol. For example, the counts performed may have been
biased due to bacterial contaminations from root exudates. It should
therefore be considered to use antibiotics associated with root exu-
dates to overcome any contamination. Similarly, microscopic count-
ing of Petri dishes is unreliable due to the random distribution of
oospores on the medium. For that, it would be necessary to isolate
the oospores to follow their germination. Once developed, these
tests should provide useful information about the likely mode of
germination of soil oospores.

4.3 | Concluding remarks

This study incorporated various approaches to improve knowl-
edge on A. euteiches life history traits. Even if the methodology
developed to extract the oospores from infected roots is not actu-
ally enough to correctly quantify the production of oospores, it led
us to study the biological characteristics of oospores and will be
helpful to screen new resistance sources. As oospores constitute a
key point of the A. euteiches life cycle, it would be useful to better
define the impact of resistance sources on the quality of oospores
and their production. Improving the knowledge on the biology and
ecology of A. euteiches would be a good strategy to better manage
this disease.
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