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Phytophthora infestans causes the devastating potato late blight
disease, which is widely controlled with fungicides. However,
the debate about chemical control is fueling a promotion to-
ward alternative methods. In this context, the enhancement
of natural plant immunity could be a strategy for more sus-
tainable protection. We previously demonstrated that a con-
centrated culture filtrate (CCF) of P. infestans primes defense
reactions in potato. They are genotype-dependent and metab-
olites produced decrease pathogen growth in vitro but not in
vivo on tubers. Induced potato defenses are assumed to affect
P. infestans life history traits depending on strains. This as-
sumption was studied in vivo through induced leaflets on a
susceptible genotype inoculated with four P. infestans strains
differing for lesion growth rate. This study combines both de-
fenses mechanistic analysis and ecological observations.
Defense-gene expressions were thus assessed by quantitative
reverse transcription-polymerase chain reaction; pathogen
development was simultaneously evaluated by measuring ne-
crosis, quantifying mycelial DNA, and counting sporangia. The
results showed that CCF pretreatment reduced the pathoge-
nicity differences between slow- and fast-growing strains.
Moreover, after elicitation, PR-1, PR-4, PAL, POX, and THT
induction was strain-dependent. These results suggest that
P. infestans could develop different strategies to overcome plant
defenses and should be considered in biocontrol and epidemic
management of late blight.

Phytophthora infestans (Mont.) de Bary causes late blight,
the main disease of potato (Solanum tuberosum L.) (Fry 2008;
Gyetvai et al. 2012). Recent estimates value global late blight
losses and control at $6.7 billion a year (Haas et al. 2009). Late
blight control currently relies on frequent applications of pro-
tectant or systemic fungicides (Haverkort et al. 2009).
Given the adverse effects of such prolonged and intensive

pesticide use, alternative methods are now increasingly pro-
moted. They rely mostly on the deployment of genetic re-
sistance, coupled with biological and cultural control measures

(Kirk et al. 2005; Nega 2014). In this context, the enhancement
of plant immunity (induced resistance) could be a promising
strategy for more sustainable protection of potato crops (Walters
et al. 2007).
P. infestans is able to infect all vegetative organs of the potato

plant (Fry 2008). Its trophic status is a much-debated issue.
Many authors consider P. infestans as a hemibiotrophic path-
ogen, in which an initial biotrophic phase enables the estab-
lishment of the pathogen within its host. It is followed by a
necrotrophic stage characterized by expanding necrotic lesions
(Fry 2008). During the biotrophic stage, the pathogen develops
haustoria to absorb cellular nutrients from living cells (Yi and
Valent 2013) and, then, generates asexual sporangia responsible
for disease transmission. This observation, together with re-
ports on the kinetics of host defense responses after infection,
cast doubt as to the actual status of necrosis for pathogen de-
velopment and fitness. This led Kröner et al. (2011) to propose
a synthetic infection model that regards P. infestans essentially
as a biotrophic pathogen. In this model, the production of ne-
crosis (i.e., the visible symptoms of the disease) is essentially a
side effect of the balance between pathogen growth and plant
defense induction in response to infection. The pathogen col-
onizes and feeds from as-yet healthy plant tissue, triggering, in
turn, the accumulation of antimicrobial defense metabolites
(i.e., chlorogenic acid, phenolamides, and flavonols, including
rutin and nicotiflorin [Kröner et al. 2012]) in tissues that then
become necrotic. If this model were correct, the pathogen
would actually use growth to escape induced plant defenses.
As a consequence, and since P. infestans strains differ in their

colonization strategies in nature (Clément et al. 2010), slow-
growing strains would be more affected than fast-growing ones
by the plant defenses they induce. Another expected conse-
quence of the Kröner et al. (2011) model is that defense in-
duction ahead of pathogen colonization should reduce the
dynamics of disease expansion. Such a prepositioned defense
induction could result either from constitutive expression of
key genes involved in defense pathways—indeed, this is the
case in some potato cultivars with high quantitative resistance
to late blight (Saubeau et al. 2016)—or from timely application
of defense elicitors such as pathogen-associated molecular pat-
terns (PAMPs) or other exogenous molecules. For instance, in
greenhouse experiments, induced resistance by b-aminobutyric
acid (BABA) protects potato from late blight infection for up
to five days. Under field conditions, this elicitor could save
20 to 25% of the fungicide dose, with the same result on late
blight development as a full dose of fungicide (Liljeroth et al.
2010). We showed that a concentrated culture filtrate (CCF) of
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P. infestans, containing four active compounds, i.e., three
elicitins (INF1, INF4, and INF5) and one polysaccharide
(Saubeau et al. 2014), acts as a PAMP (Desender et al. 2006).
Moreover, it induces the phenylpropanoid pathway in potato
tubers and a number of hormone pathways on potato leaflets
(Kröner et al. 2011; Saubeau et al. 2016). Interestingly, its
action is genotype-dependent (Saubeau et al. 2016) but its
effect on strains with different growth rates has yet to be
evaluated.
The objective of this paper, which connects mechanistic

analysis with ecological observations, was therefore to validate
the Kröner et al. (2011) model by testing some of its key as-
sumptions and predictions. In particular, we wanted to de-
termine whether the effectiveness of induced defense responses
in potato depends on pathogen growth rate. Therefore, we
monitored simultaneously the induction of defense mechanisms
by CCF and P. infestans life history traits from 3 to 5 days
postinoculation (dpi). The study was carried out under con-
trolled conditions, using a susceptible potato cultivar without
known major resistance genes. Defense-gene expression was
assessed by targeting specific potato genes involved in different
metabolic pathways. Pathogen development was characterized
by measuring necrosis area, quantifying P. infestans mycelium
DNA in planta (after removing the sporangia from the sam-
ples), and counting sporangia.

RESULTS

Potato plants were sprayed with either CCF or water and
were inoculated 48 h later with four strains of P. infestans
differing in lesion growth rate (two fast-growing and two slow-
growing) (Table 1) or with water (mock inoculated).
Normalized transcripts accumulation (DCq) of defense genes

involved in selected metabolic pathways was presented as
histograms. All data shown are the means and standard errors of
the mean from two independent experiments.

After pretreatment with CCF, there are no longer
any differences between slow- and fast-growing strains.
Without pretreatment, necrosis area was significantly higher

at 3 and 4 dpi with fast-growing strains than with slow-growing
ones (P values 1.77.10

_4 and 9.82.10
_7) (Fig. 1A). The amount

of mycelium DNAwas significantly higher at 3 and 4 dpi with
fast-growing than with slow-growing strains, but the opposite
was true at 5 dpi (P values 0.01, 0.05, and 0.03) (Fig. 1B).
Sporangia production was significantly higher at 4 dpi in fast-
growing than in slow-growing strains (P value 0.002) (Fig. 1C).
However, CCF treatment two days before inoculation re-

sulted in a complete absence of significant differences between
fast-growing strains and slow-growing ones for the three life
history traits studied (except for necrosis area at 5 dpi, which
was larger with fast-growing strains). Necrosis area relative to
that in the water control decreased significantly after pre-
treatment for the fast-growing strains at 3 and 4 dpi (P values
4.83.10

_4 and 4.77.10
_5, respectively), making them equivalent

to that in slow-growing strains with or without pretreatment
(Fig. 1D). Pathogen mycelium DNA increased significantly

after treatment with CCF at 4 and 5 dpi for the fast-growing
strains (P values 3.15.10

_4 and 4.15.10
_3) but only at 4 dpi for

the slow-growing ones (P value 0.024) (Fig. 1B). Sporangia
production decreased significantly after treatment with CCF at
4 and 5 dpi for the fast-growing strains (P values 0.028 and
0.032) and only at 5 dpi for the slow-growing strains (P value
0.046) (Fig. 1C).

Both P. infestans and its CCF induce defense
responses on cv. BF 15.
Defense transcripts accumulated 48 h after spraying CCF,

just before mock inoculation (0 dpi), compared with water-
treated controls (Fig. 2). This effect persisted at 3 and 4 dpi for
PR-2, PR-3, PR-4, POTLX3, and EIN3, while PR-1 and THT
tended to increase only at 3 dpi. CCF treatment did not alter
PAL and POX accumulation.
A similar experiment was carried out using P. infestans rather

than its culture filtrate. For both strains, the accumulated level
of defense transcripts was higher at 3 and 4 dpi in inoculated
leaflets than in noninoculated controls (Fig. 3). These differ-
ences were significant at 3 dpi for PR-1 (P value 0.1), EIN3
(P value 0.15), and at 4 dpi for PR-2 (P value 0.01). At 3 dpi,
only fast-growing strains induced a significant increase of
PR-2, PR-4, THT, POX, POTLX3 (P value 0.03), PR-3 (P value
0.08), and PAL (P value 0.16). This effect remained significant
at 4 dpi for POTLX3 (P value 0.03) and to a lesser extent for
POX and THT (P value 0.16).

P. infestans increases defense-gene expression
induced by CCF.
The combination of both CCF and P. infestans effects were

compared with mock-inoculated leaflets (Fig. 4). Fast-growing
strains increased PR-1 expression at 4 dpi (P value 0.02) and
THT expression from 3 to 4 dpi (P value 0.08). However, slow-
growing strains increased PR-1 expression at 3 dpi (P value
0.04) and THT expression only at 4 dpi (P value 0.08). After
inoculation, there was no significant change on PR-2, PR-3,
PR-4, POTLX3, and EIN3 expression.

The induction of PR-1, PR-4, PAL, THT, and POX
is strain-dependent after pretreatment with CCF.
After pretreatment with CCF and at 4 dpi, gene induction was

strain-dependent (Fig. 5). PR-1 and POX were, thus, more ac-
cumulated at 4 dpi with fast-growing strains than with slow-
growing ones (P values 0.04 and 0.02). With fast-growing
strains, we also observed a greater accumulation of PR-4, PAL,
and THT at 4 dpi, less significant, however, than PR-1 and POX
(P value 0.15, 0.08, and 0.15, respectively). For the four
remaining genes, no changes were observed for either strains.

DISCUSSION

Pathogen life history traits are impacted
by host elicitation before inoculation.
This study aimed to determine whether the effectiveness of

induced defense responses in potato depends on pathogen life
history traits related to aggressiveness, in particular, lesion

Table 1. Detailed informations about the four Phytophthora infestans strains

Strain name Strain type (growth rate) Clonal lineage Year Origin Organ

10.P15.06 Fast growing (S+) 13_A2 2010 Field: Ploudaniel (29, France) Leaflets, cv. Bintje
14.P29.03 Slow growing (S_) 13_A2 2014 Field: Trévou-Tréguignec (22, France) Leaflets, cv. Amandine
14.P29.03.R Fast growing (S+) 13_A2 2016 Experimental evolution trial: INRA Le Rheu

(35, France)
Tubers, cv. Bintje

10.P15.06.R Slow growing (S_) 13_A2 2016 Experimental evolution trial: INRA Le Rheu
(35, France)

Tubers, cv. Bintje
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growth rate. Our results indeed showed that, after pretreatment
with CCF, fast-growing strains behave like slow-growing ones,
suggesting that CCF affects the ability of strains to actively
colonize host tissue and to reproduce. These results are con-
sistent with earlier observations in potato plants pretreated with

a sugar beet extract or with BABA, a synthetic defense elicitor.
Both of which showed a significant reduction in lesion size and
lower sporangial production (Bengtsson et al. 2014; Moushib
et al. 2013). In other pathosystems, pretreatment of grapevine
leaves with benzothiadiazole led to a strong inhibition of fungal

Fig. 1. Strain effect on Phytophthora infestans life history traits. A through D, Necrosis area (A and D), mycelium DNA (B), and sporangia number (C) on cv.
BF 15 potato leaflets sprayed with either concentrated culture filtrate (CCF) or water (control), from 3 to 5 days postinoculation (dpi) with P. infestans (S+ =
fast-growing strains or S_ = slow-growing strains). Data represent the mean + standard error of the mean, n = 24; results were repeated in two independent
experiments. The strain effect was tested for each day, with or without CCF pretreatment (analysis of variance: one asterisk (*) indicates P value < 0.05, two
(**) P value < 0.01, three (***) P value < 0.001).
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mycelium growth and sporulation of the biotrophic pathogens
Plasmopara viticola and Erysiphe necator (Dufour et al. 2013).
It should be noted that changes in symptom growth rate

are not always consistent with those in pathogen biomass,
as measured by fungal DNA accumulation. Indeed, we ob-
served that the reduction in symptom extension after CCF

treatment was associated with an accumulation of pathogen
DNA. Our results agreed with those of Paulert et al. (2009),
who demonstrated that ulvans decreased anthracnose sym-
ptoms but increased mycelium growth and conidia germi-
nation of Colletotrichum lindemuthianum in vitro. On the
contrary, Bengtsson et al. (2014) and Floryszak-Wieczorek

Fig. 2. Concentrated culture filtrate (CCF) pretreatment effect on defense-gene expression. Transcript accumulation of defense genes involved in various
signaling pathways in potato cv. BF 15, sprayed with either CCF or water (control), from 0 to 4 days post–mock inoculation (dpi). Data represent the mean +
standard error of the mean, n = 4; results were repeated in two independent experiments. The CCF pretreatment effect was tested for each day (KruskalWallis: a
black square symbol (n) indicates·P value < 0.1, an asterisk (*) P value < 0.05).
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et al. (2015) reported a simultaneous reduction in both traits in
potato plants pretreated with BABA.
Our data showed that the reduction in lesion growth rate

following CCF pretreatment only acts on fast-growing strains.
It is interesting to note that the reduction in lesion growth rate

caused by pretreatment is independent of a direct toxic activity
of the elicitor. Indeed, the sugar beet extract used by Moushib
et al. (2013) has no direct toxicity on the pathogen, whereas
CCF has a limited but significant impact on mycelium growth
in vitro (Kröner et al. 2012), pointing to the likely involvement

Fig. 3. The effect of Phytophthora infestans on defense-gene expression. Transcript accumulation of defense genes involved in various signaling pathways in
potato cv. BF 15, sprayed with water, from 3 to 4 days postinoculation (dpi) with P. infestans (S+ = fast-growing strains, S_ = slow-growing strains) or mock-
inoculated (control). Data represent the mean + standard error of the mean, n = 4; results were repeated in two independent experiments. The P. infestans effect
without concentrated culture filtrate pretreatment was tested for each day and for each strain compared with mock-inoculated leaflets (Kruskal Wallis: a black
square symbol (n) indicates·P value < 0.1, one asterisk (*) P value < 0.05, and two asterisks (**) P value < 0.01).
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of defense induction as the cause for the reduction of symptom
extension in pretreated tissue. CCF has been proved to induce
various defense metabolic pathways on cv. BF 15 (Saubeau
et al. 2016). Furthermore, our results showed that some defense
genes, such as those coding PR proteins, were induced by all

P. infestans strains. The consistently stronger induction by the
pathogen itself compared with a single CCF application could
be due either to a lower PAMP concentration in CCF, to the
lasting secretion of PAMPs in the plant-P. infestans interaction,
or to both. This latter hypothesis is supported by the fact that

Fig. 4. The effect on defense-gene expression of a combination of concentrated culture filtrate (CCF) and P. infestans. Transcript accumulation of defense genes
involved in various signaling pathways in potato cv. BF 15 sprayed with CCF, from 3 to 4 days postinoculation (dpi) with P. infestans (S+ = fast-growing strains,
S_ = slow-growing strains) or mock-inoculated (control). Data represent the mean + standard error of the mean, n = 4; results were repeated in two independent
experiments. The combination of both CCF and P. infestans was tested for each day and for each strain, compared with mock-inoculated leaflets (Kruskal
Wallis: a black square symbol (n) indicates·P value < 0.1, one asterisk (*) P value < 0.05).
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the fast-growing strains of P. infestans caused a higher defense
induction than their slow-growing counterparts.

Do different life history strategies in pathogen strains
explain differences in induced resistance?
We observed that the patterns and timing of defense-gene

expression varied extensively, depending on the type of strain

(fast- or slow-growing). There was a higher accumulation of
POX and THT transcripts at 3 and 4 dpi, respectively, with fast-
rather than with slow-growing strains, as were PR-1, PR-4, and
PAL at 4 dpi in leaflets pretreated with CCF (Fig. 5). This
suggests that fast- and slow-growing strains may have different
strategies relative to resistance induction. As suggested by
Kröner et al. (2011), fast-growing strains might attempt to

Fig. 5. Strain effect on defense-gene expression. Transcript accumulation of defense genes involved in various signaling pathways in potato cv. BF 15, sprayed
with either concentrated culture filtrate (CCF) or water (control), from 3 to 4 days postinoculation (dpi) with Phytophthora infestans (S+ = fast-growing strains,
S_ = slow-growing strains). Data represent the mean + standard error of the mean, n = 4; results were repeated in two independent experiments. The strain effect
was tested for each day, with or without CCF pretreatment (Kruskal Wallis: a black square symbol (n) indicates·P value < 0.1, one asterisk (*) P value < 0.05,
two asterisks (**) P value < 0.01).

82 / Molecular Plant-Microbe Interactions



escape plant defenses by their growth rate rather than to over-
come them. On the contrary, slow-growing strains could face
defenses induced by PAMPs and may have to develop counter-
defense strategies, such as detoxifying antimicrobial com-
pounds or secreting effectors. Under these hypotheses, it is
logical that prepositioned induced resistance would be more
efficient against fast-growing strains than slow-growing ones.
This differential impact of induced resistance ahead of in-
oculation on fast-growing (‘escape’ strategists) and slow-
growing (‘adapt’ strategists) strains, therefore, explains why
CCF pretreatment eliminates differences between both groups
in in-vivo biotests.

Potential consequences for biocontrol and
epidemic management of late blight.
The differential effect of induced defense responses on fast-

and slow-growing strains raises further questions about the
ecology of interactions, as well as opportunities to exploit these
in biocontrol strategies of late blight epidemics.
Since P. infestans populations are often structured as clonal

lineages (Clément et al. 2010), it would be important to de-
termine to what extent genotypic variation is related to patho-
gen strategies. The fact that all strains used in the present work
belong to a single clonal lineage (13_A2) strongly suggests that
life history strategies are largely independent of clonal lineages.
Identifying either specific molecular markers or fast biotests to
analyze the proportion of fast- and slow-growing strains within
a given pathogen population should allow us to better predict
the field performance of defense-inducing elicitors.
The other important dimension that remains to be explored

is the consistency of the patterns described here over a range
of host cultivars, notably those with different levels of quan-
titative resistance. Earlier works have, indeed, shown that
quantitative resistance acts by affecting pathogenicity-related
life history traits (Clément 2011) in a strain- and cultivar-
dependent manner similar to the one reported here with in-
duced resistance. Therefore, one can expect that the perfor-
mance of resistance induction in the control of late blight
progress will differ according to the mechanisms active in host
cultivars. Together with the natural variability in life history
strategies within populations, this cultivar dependence may
explain a large fraction of the inconsistent performance of
defense elicitors under field conditions.
This study, therefore, represents a first attempt to relate

ecological characteristics of pathogen strains and mechanistic
determinants of host-pathogen interactions, in a perspective to
better exploit and improve the performance of biocontrol.

MATERIALS AND METHODS

Inoculum and elicitor preparation.
Four P. infestans strains—10.P15.06, 10.P15.06.R, 14.P29.03,

14.P29.03.R—belonging to the 13_A2 clonal lineage (Table 1)
were used as pairs of strains differing by their growth speed in
the experiments. The first experiment involved strains 10.
P15.06 (fast-growing) and 14.P29.03 (slow-growing), while the
second experiment used strains 14.P29.03.R (fast-growing) and
10.P15.06.R (slow-growing).
P. infestans transplants were cultivated in petri dishes filled

with pea agar. After 3 weeks on axenic cultures, P. infestans
sporangia were collected with sterile distilled water. To in-
crease its pathogenicity, detached leaflets of cv. Bintje (sus-
ceptible to P. infestans) were inoculated with each strain
separately. Eight days later, after incubation in a humid
chamber under controlled conditions (18�C-day and 15�C-night
temperatures, with 16 h of daylight), sporangia were collected
from the leaflets in sterile water. Sporangial suspensions were

adjusted to a final concentration of 5 × 104 sporangia ml
_1,

using a hemocytometer. Suspensions were kept at 4�C for 2 h to
promote zoospore release (Mariette et al. 2016; Montarry et al.
2007).
P. infestans CCF was prepared from strain 10.P15.06 my-

celium grown, for 3 weeks, as agitated axenic cultures in pea
broth (Desender et al. 2006). Mycelium was then eliminated by
filtration on sterile gauze (40 mesh; Laboratoires Euromedis
France) and the filtrate was lyophilized for 72 h. The lyophi-
lisate was diluted in water at 8 mg ml

_1 and 0.1% Tween 20
(Saubeau et al. 2016).

Cultivation and treatment of plants.
Tubers of Solanum tuberosum (L.) cultivar BF 15 were grown

in pots (one tuber per pot) filled with Falienor, Terreau de
France NFU44-55 in a greenhouse at 20 ± 3�C with a 16-h
photoperiod. Two independent experiments were carried out 9
and 4 weeks after planting. During the second experiment,
plants were watered once a week with a nutrient solution (NPK
15/10/15; Hakaphos). Then, plants were sprayed to runoff
with either CCF at 8 mg ml

_1 (+0.1% Tween 20) or sterile water
(+0.1% Tween 20, control).

Experimental design.
Two independent experiments were conducted, each with a

different pair of strains. Each experiment tested 12 treatments,
i.e., all possible combinations of two strain types (fast- or slow-
growing; respectively called S+ and S_), two leaflet pretreat-
ments before inoculation (water or CCF), and three observation
dates (3, 4, or 5 dpi). Each treatment involved 12 leaflets.

Sampling of leaflets and inoculation.
Leaflets used for each experiment were picked at random

from the third and fourth leaf levels below the apex, 48 h after
pretreatment. Twelve leaflets from each pretreatment were
frozen, immediately after sampling, in liquid nitrogen to as-
sess plant defenses. The remaining leaflets were inoculated on
the abaxial surface with a 20-µl droplet of P. infestans spo-
rangial suspensions or sterile water (mock inoculated). After
inoculation, leaflets were placed on the lids of petri dishes
containing 2% water agar to promote high humidity.

Assessment of potato defense genes
by quantitative reverse transcription-polymerase
chain reaction (qRT-PCR).
In each experiment, the expression of nine defense genes was

assessed 48 h after pretreatment (i.e., just before inoculation)
and at 3 and 4 dpi. The 12 leaflets from each treatment were
pooled, were frozen in liquid nitrogen, and were ground to a
fine powder. This powder was distributed as 100-mg aliquots
into 2-ml cryogenic tubes.
RNA was then extracted independently from two of these

aliquots, as described by Saubeau et al. (2016). The integrity of
the RNA was determined either by the RNA integrity number
(RIN ³ 6.5), for the first experiment, or by electrophoresis on
1% agarose gel, for the second experiment.
Each RNA sample was then amplified in three qRT-PCR

reactions. Defense-gene expression was assessed with a tool
targeting specific potato genes involved in various metabolic
pathways (Saubeau 2014). The expression of nine potato de-
fense genes (Table 2) (all provided by Sigma-Aldrich Chimie S.
a.r.l France) was analyzed at 3 and 4 dpi with qRT-PCR in leaf
samples sprayed or not with CCF and inoculated or not with
P. infestans. qRT-PCR was performed and analyzed according
to Saubeau et al. (2016), with several modifications; the SYBR
Premix Ex Taq (Takara, provided by Ozyme) was replaced by
the LightCycler 480 SYBR Green I Master (Roche Diagnostics
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France), and three reference genes (Actin 7, ribosomal protein
L2, and GAPDH) were used to calculate the normalization
factor. Primers (desalt purification) were distributed into
384-well reaction plates with a Hamilton MICROLAB STAR 8
300-µl automation system (Hamilton France S.a.r.l), while the
LightCycler SYBR Green Master I, cDNAs, and water were
pipetted manually.
The Cq average was calculated for each condition from du-

plicates of two independent experiments (RNA from two ali-
quots per experiment, each pipetted into three qRT-PCRs).
Then, effects of CCF and P. infestans on potato defense re-
sponses were tested at each point of the kinetic.
To study the effects of CCF, P. infestans, and the combination

of both CCF and P. infestans effects on transcripts accumula-
tion, Cq were normalized with reference genes and DCq were
represented on histograms.

Tracking pathogen development: necrotic lesion,
mycelium quantification, sporangia number.
Pathogen development was evaluated at 3, 4, and 5 dpi by

measuring necrosis area, quantifying mycelium DNA in planta,
and counting sporangia on infected leaflets pretreated or not
with CCF.

Necrotic lesion.
Necrotic lesions were measured with a caliper on the upper

surface of the leaflets and were calculated with the formula
used by Vleeshouwers et al. (2000), assuming an elliptic shape:

Necrotic  area = length  ×  width  ×   p  ×   1/4:

Sporangia number.
Sporangia were collected in 10 ml of sterile water and were

centrifuged 3 min at 3,000 × g. Then, the pellets were diluted in
4 ml of Isoton II (saline buffer) (Beckman Coulter) and were
frozen (_20�C) in hemolytic glass tubes. Sporangia were
counted with a Z2 Coulter Counter analyzer (Beckman Coul-
ter), calibrated between 10 and 21 µm (experiment 1) or with an
OCCHIO Flowcell FC200S (Occhio) aperture set on 300 µm

(experiment 2). Counting was performed with the following
settings for the second experiment: 0.2 ml of priming, 0.5 ml of
volume analysis, and 10% of volume sampling. Two filter pa-
rameters were used to detect the sporangia, circularity between
0.6 and 1 and area diameter between 13 and 45 µm.

Mycelium DNA quantification.
After collecting sporangia, leaflets were put in 2-ml cryo-

genic tubes containing five glass beads preweighed, lyophilized
24 h, weighed, and ground. Then, DNA was extracted from
5 mg of powder, using the Nucleospin Plant II kit (Machery
Nagel) modified. Cell lysis was performed with 600 µl of
Buffer PL1, 10 µl of RNAse A, and 10 µl of proteinase K.
Samples were incubated 1 h at 65�C. Chlorophorm (100 µl) was
added and samples were centrifugated 15 min at 20,000 × g.
After cell lysis, 100 µl of supernatant was removed for DNA
extraction. Then, DNA was eluted in two steps (2 × 100 µl of
buffer PE) and was conserved at _20�C. Total plant and path-
ogen DNA (5 µl) were diluted 1:100 and mycelium DNA from
P. infestans was quantified by qPCR, according to Lees et al.
(2012), after modifications. Amplifications by qPCR were
performed in 20 µl containing 10 µl of LightCycler 480 SYBR
Green I Master (Roche), 5 µl of DNA (diluted 1:100), 1 µl of
forward and reverse primer (with a final concentration of
500 nM), and 3 µl of H2O PCR-grade. Amplifications were
performed using 96-well plates with LightCycler 480 (Roche)
under the following cycling conditions: 5 min at 95�C; 50 cy-
cles of 10 s at 95�C, 20 s at 61�C, and 20 s at 72�C, and a
dissociation curve analysis from 61 to 95�C. To calculate
concentration of each specific amplicon of P. infestans (dupli-
cates), a standard range of a P. infestans stock from 10 to 10

_8

ng µl
_1 (triplicates) was achieved. Analyses were performed

with LightCycler 480 software release 1.5.0 (Roche). Then, the
amount of P. infestans mycelium DNA was expressed as
nanograms per leaflet.

Statistical analysis.
One- and two-way analyses of variance were performed with

R software 3.3.1 function ‘aov’ for pathogen life history traits.

Table2. Selected genes and corresponding primer sets used for analysis of transcript profiles from Solanum tuberosum leaves (Saubeau 2014)

Gene name Gene function GenBank no. Primer sequence (59 to 39) Concentration (nM)

PR-1 Potato pathogenesis-related protein 1 AJ250136 Forward GGGAGAAGCCAAACTACAACTATG 200
Reverse ACGAGCCCGACCACAACC

PR-2 Potato pathogenesis-related protein 2 (b-glucanase) U01901 Forward GATGGAACGAACAGGAGGAG 300
Reverse GGCTTTCTCGGACTACCTTC

PR-3 Potato pathogenesis-related protein 3 (chitinase) AF024537 Forward TGATGTATGTCCTGGCAAAG 300
Reverse CCACCATTAGTTTCGTGAGATG

PR-4 Potato pathogenesis-related protein 4 (hevein-like) AM908515.1 Forward GCGGTAGATGCTTGAGGGTGAC 200
Reverse GCCCAATCCATTAGTGTCCAATCG

PAL Potato phenylalanine ammonia-lyase 1 X63103 Forward GCTTCAAGGCTACTCTGGCATTAG 200
Reverse CCTGAGGCAGTGACCGTTCC

THT Potato tyramine N-(hydroxycinnamoyl) transferase AB061243 Forward TGGCTCCTGCTCCTCAAC 250
Reverse CGTTATTGTTTTCCGATGATG

POX Potato peroxidase (putative peroxidase) AM231411 Forward CAAGGTTGTGACGGTTCCATCC 200
Reverse ACGAGCAGCAAGAGCAAGAATG

POTLX3 Potato locus lipoxygenase U60202 Forward GCAGAAAGCCAACAAAAGCA 250
Reverse CGGGGATAAGGAACTGAACA

EIN3 Potato ethylene-insensitive 3 (EIN3-binding
F box protein 1)

CK279984 Forward CGACTCTGCTGCTACCGATGG 200

Reverse GGTTCTTTCACTCTCAGGTTGCTC
L2 Potato ribosomal protein L2 CK259681.1 Forward GGCGAAATGGGTCGTGTTAT 300

Reverse CATTTCTCTCGCCGAAATCG
Actin 7 Potato actin 7 DQ252512 Forward CATCCTGTCCTCCTAACTGAAGCC 200

Reverse TCACCAGAGTCCAACACAATACCG
GAPDH Potato glyceraldehyde-3-phosphate dehydrogenase U170005 Forward ACAGGTTTGGCATTGTGGAG 300

Reverse GTTTTCTGGGTGGCAGTCAT
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Null hypotheses were rejected if P < 0.05. Residuals normality
of and variances homogeneity were verified.
Kruskal-Wallis analyses were performed with R software

3.3.1 for plant defense–gene expression and transcript
accumulation.
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