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Abstract Downy mildew of common sage (Salvia
officinalis), caused by Peronospora salviae-officinalis,
has become a serious problem in sage production world-
wide. The effect of temperature was determined for
conidia germination and disease development. In vitro,
conidial germination rate was highest at temperatures
between 10 °C and 20 °C and was strongly reduced at
temperatures above 25, but conidia were also able to
germinate at 2 °C. Temperatures between 15 and 20 °C
were most favourable for infection and disease progress
in infection experiments in climate chambers, with

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10658-020-01967-1) contains
supplementary material, which is available to authorized users.

M. Hoffimeister (<) - W. Maier (D<)

Institute for Epidemiology and Pathogen Diagnostics, Julius
Kiihn-Institut (JKI)—Federal Research Centre for Cultivated
Plants, Messeweg 11/12, 38104 Braunschweig, Germany
e-mail: mascha.hoffmeister @julius-kuehn.de

e-mail: wolfgang.maier @julius-kuehn.de

D. Gabriel

Institute for Crop and Soil Science, Julius Kithn-Institut
(JKI)—Federal Research Centre for Cultivated Plants,
Braunschweig, Germany

M. Thines

Faculty of Biological Sciences, Institute of Ecology, Evolution and
Diversity, Goethe University, Max-von-Laue-Str. 13,

D-60438 Frankfurt am Main, Germany

M. Thines
Senckenberg Biodiversity and Climate Research Centre,
Senckenberganlage 25, D-60325 Frankfurt am Main, Germany

®

Check for
updates

highest sporulating leaf area observed at 15 and 20 °C,
and highest symptomatic leaf area at 20 °C. P. salviae-
officinalis is still able to infect sage plants at 5 °C, but
sporulation was only observed at higher temperatures.
Oospores developed 14 days after inoculation at 15 °C,
and 8 days after inoculation at 20 and 25 °C. The
infection trials also showed that dark incubation is not
a prerequisite for successful infection of sage. Further-
more, P. salviae-officinalis needs two events of leaf
wetness or high humidity to complete its asexual life
cycle. First, a leaf wetness event of at least three hours is
needed for conidial germination and penetration of the
host. Second, high humidity of at least 90% is needed at
the end of the infection cycle for sporulation. Seed
washing revealed the presence of P. salviae-officinalis
oospores in seed lots of sage suggesting that infested
seeds might play a major role in the fast spread of sage
downy mildew, which is an important finding for
phytosanitary or quarantine measures.

Keywords Downy mildew - Infection studies -
Peronospora salviae-officinalis - Oospores - Salvia
officinalis - Seed testing

Introduction

Common sage, Salvia officinalis (Lamiaceae), is the
economically most important sage species (Raal et al.
2007; Mirjalili et al. 2006) and has been used as a
medicinal plant since ancient times due to its antimicro-
bial activities (Longaray Delamare et al. 2007).
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Furthermore, these aromatic plants are used as culinary
herbs and flavouring agents, and for perfumery and
cosmetics (Sulniute et al. 2017).

Over the past two decades several downy mildew
diseases in medicinal and spice plants have been newly
reported and led to economic losses, for example
Peronospora somniferi on opium poppy (Papaver
somniferum) (Voglmayr et al. 2014), P. belbahrii on basil
(Ocimum basilicum) (Thines et al. 2009), and P. salviae-
officinalis on common sage (Choi et al. 2009). To our
knowledge the downy mildew on S. officinalis has been
officially reported for the first time in Florida in 1993, but
had been initially attributed to P. lamii (McMillan 1993).
Earlier reports of downy mildews on sage species men-
tion the occurrence of P lamii and P. swinglei on
S. pratensis (meadow sage), S. lanceolata (lance-leaf
sage) or S. sclarea (clary sage) but not on S. officinalis
(Rabenhorst 1857; Ellis and Kellerman 1887; Gdumann
1923; Kochman 1970; USDA 1960; Osipjan 1967;
Stanjavicenie 1984). In the meantime, downy mildew
on common sage has been reported from Israel, Austria,
Italy, New Zeecland, Australia, UK and Germany
(Gamliel and Yarden 1998; Plenk 2002; Hill et al. 2004;
Belbahri et al. 2005; Liberato et al. 2006; Humphreys-
Jones et al. 2008; Choi et al. 2009).

Despite the fact that P salviae-officinalis was de-
scribed a decade ago (Choi et al. 2009) very little is
known about its infection biology and epidemiology.
This knowledge is, however, crucial for targeted and
efficient pest management strategies against downy mil-
dew in sage production as well as for the development
of forecast models. It is also still unclear how the disease
was able to spread throughout the world so quickly. It
was hypothesized that downy mildew on S. officinalis
might has been distributed by contaminated seed lots
(Choi et al. 2009), but proof for this hypothesis is still
lacking and oospores, which could play an important
role in the spread of the disease, have been reported only
on sage leaves (Plenk 2002; Liberato et al. 2006;
Humphreys-Jones et al. 2008).

The objectives of the present study were to examine
the epidemiological parameters for successful infection
of sage by P. salviae-officinalis. The effect of tempera-
ture on conidia germination was determined in vitro.
The effect of temperature and leaf wetness on infection
and disease development was evaluated in climate
chamber experiments in vivo. Furthermore, we screened
for oospores during the infection trials to evaluate
whether and how frequently this long-lasting inoculum
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source is produced. We also examined seed lots of sage
for downy mildew contamination using a seed washing
method in combination with light microscopy, as well as
PCR-based detection, to determine if the pathogen is
present in traded seed lots.

Material and methods
Inoculum production and inoculation

Infection experiments were carried out using a
P. salviae-officinalis population isolated from a com-
mon sage stand in Saxony (Germany). The downy mil-
dew was cultivated and reproduced on S. officinalis
under controlled conditions as described below. To en-
sure that the plants were healthy before inoculation,
sterile-grown in vitro plants (Elsner pac
Vertriebsgesellschaft mbH, Dresden, Germany) were
used. After delivery, the plants were transferred from
the cups with culture media to multipot plates (8 x 12
plots/ plate) filled with seeding compost and cultured in
the greenhouse (20 °C, 16 h light/ 8 h dark, 60%
humidity) under a hood for about two weeks. After root
formation the hood was removed and single plants were
potted into containers (8§ cm diameter, 190 ml,
Péppelmann GmbH & Co. KG., Lohne, Germany) with
standard potting compost (Substrat 1, Klasmann-
Deilmann GmbH, Geeste, Germany; chemical analysis
[mg per 100 g]: N=140, P=100, K= 180, Mg= 100,
S =120; salinity 1.0 g/L; pH 5.5). For maintenance of
P. salviae-officinalis and infection studies, inoculation
using a spray bottle was conducted as soon as the plants
had developed four mature leaves.

Plants were inoculated by spraying a conidial sus-
pension (1 x 10* conidia ml™") on the upper and lower
leaf surface until run-off. Inoculated plants were incu-
bated under a hood placed in a plant growth chamber
(Percival Scientific, Perry, 1A, U.S.A) with 15 °C, 100%
relative humidity (rh.) and 12 h light/12 h dark for 7 to
8 days until sporulation. Sage leaves with mature co-
nidia were harvested from the plants. For infection
studies only fresh inoculum was used. Conidial suspen-
sions were prepared by rinsing off conidia with
deionised water. The conidial density was calculated
using a microscope (Zeiss Axioskop 2 plus compound
microscope, Carl Zeiss Microscopy GmbH, Jena, Ger-
many) and a haemocytometer (Fuchs-Rosenthal,
0.200 mm, 0.0625 mm’, Glaswarenfabrik Karl Hecht
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GmbH & Co KG, Sondheim v. d. Rhén, Germany), and
was adjusted to 10% conidia per ml by dilution with
deionised water. For in vitro trials 4 ml of this conidial
suspension was pipetted on the surface of 1.5% water
agar in a laminar flow hood. Moist sterile filter papers
were inserted into the lids of the Petri dishes to preserve
high humidity within the plates and to avoid drying of
the suspension. Agar plates were also sealed with
parafilm (Laboratory Film, Parafilm, Bemis, North
America) and incubated under the conditions specified
below. For each plate, germination of 100 randomly
chosen conidia was assessed microscopically using an
inverted microscope (Primovert, Carl Zeiss Microscopy
GmbH, Jena, Germany). Damaged conidia or conidia
without fully-developed germ tubes were not counted.
In all experiments, one Petri dish represented a replicate.
Sporulating and symptomatic leaf area was visually
estimated by a single observer in percent with estimated
values of 0, 1, 3, 5, 10 and increments of 10 up to 100%.

Evaluating the effect of the light regime and relative
humidity on disease development

The effect of an initial 24 h incubation in darkness (24 h-
dark) on disease development and disease severity was
compared to incubation in a natural 12 h day-night
rhythm (12 h-d/l) starting with the day phase. Plants were
incubated at 15 °C and 100% rh. The chlorotic and
sporulating leaf areas were evaluated in percent leaf area
at 7 dpi (days post inoculation) on four leaves per plant
and ten plants per treatment. The experiment was repeat-
ed twice resulting in 160 observations (4 leaves x 10
plants x 2 treatments x 2 replications in time).

The effect of the duration of leaf wetness directly
after inoculation and relative humidity at the end of the
infection cycle (57 dpi) on the disease development of
P salviae-officinalis on sage was tested. In vitro pre-
trials on 1.5% water agar were conducted to determine
different developmental steps in the germination of co-
nidia of P. salvia-officinalis during an incubation in the
darkness at 15 °C. In in vivo trials inoculated plants
were exposed for different time spans to 60% or 100%
rh. to assess the effect of the leaf wetness duration after
inoculation and high humidity at the end of the infection
cycle. Plants were inoculated and incubated at 15 °C,
100% rh. and a 12 h-d/n rhythm as described above. To
manipulate leaf wetness duration the hood that ensured
100% rh. was removed at different time points after the
inoculation (3 hpi, 6 hpi, 12 hpi, 24 hpi, 48 hpi, and 5

dpi, Fig. 1) and plants were transferred to a growth
chamber with 60% rh. These time points were inferred
from the results of the preceding in vitro experiment.
From the optimisation of inoculum production it was
known that P. salviae-officinalis starts to sporulate at 5
dpi when incubated at 15 °C. Hence, at the end of the
infection cycle, i.e. at 5 dpi, half of the plants of each
treatment were transferred again to the humid cabinet
with 100% rh. and covered with a hood (Fig. 1), while
the other half was kept at 60% rh. without a hood.

One control (control 1) was incubated at 60% rh.
directly after the inoculation until 7 dpi. A second con-
trol (control 2) was kept under a hood in the humid
cabinet from inoculation until the end of the experiment
at 7 dpi. Treatment “0 h”” was kept like control 1 until 5
dpi. Then the plants were transferred to 100% rh. and
covered with a hood until 7 dpi. Treatment “5 dpi” was
treated like the control 2 until 5 dpi, and then the plants
were transferred to 60% rh. and the hood was removed.
At 7 dpi the sporulating leaf area was evaluated in
percent of total leaf area from four leaves per plant and
six plants per treatment. The experiment was repeated
twice, resulting in 672 observations (4 leaves x 6 plants
X 14 treatments x 2 replications in time).

Evaluating the effect of temperature on conidia
germination in vitro and disease development in vivo

The effect of temperature on germination of freshly
harvested conidia was assessed in vitro. Petri dishes
with 1.5% water agar were inoculated as described
above. Plates were incubated in the dark for 24 h
and 48 h under the following temperatures: 2, 5, 10,
15, 20, 25, 30 and 35 °C, respectively. Germination
rates were determined microscopically. Three repli-
cates were carried out per treatment and the exper-
iment was conducted three times.

To assess the effect of temperature on disease devel-
opment and severity in vivo an experiment was con-
ducted taking into account the results obtained from the
in vitro germination study. Sage plants were inoculated
and incubated at 5, 10, 15, 20 and 25 °C, respectively,
12 h-d/n, and 100% rh. in a plant growth chamber under
controlled conditions as described above. The experi-
ment was repeated three times and 16 plants (in exper-
iments 1 and 2) and eight plants (in experiment 3),
respectively, were inoculated per treatment. Sporulating
leaf area and the percentage of symptomatic leaf area
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Fig. 1 Testing the effect of leaf wetness duration and relative
humidity at the end of the infection cycle on disease development
of Peronospora salviae-officinalis on Salvia officinalis. The

was evaluated in percent of total leaf area from four
leaves per plant at 4, 5, 6,7, 8,9, 10 and 14 dpi.

All plants incubated at 5 °C did not show any signs of
reaction to the inoculation. Hence, at 14 dpi they were
transferred to 25 °C for another three days to test wheth-
er P. salviae-officinalis is able to infect sage at 5 °C, and
to develop downy mildew once temperatures increase
after the potential infection at 5 °C. The treatment at
5 °C was excluded from the statistical analysis. In total
2560 observations were included in the statistical anal-
ysis (4 leavesx 16 plantsx4 treatmentsx4 days of obser-
vation (8—14 dpi)=1024 for experiment 1 and 2, 4
leavesx8 plantsx4 treatmentsx4 days of observation
(8-14 dpi) =512 for experiment 3).

Seed testing for P. salviae-officinalis

Potential contamination of sage seed lots by P. salviae-
officinalis was tested using eight seed samples produced
by sage growers from different locations in Germany
and Switzerland. This was done using both PCR-based
and light microscopic detection methods, seed washing
and spore filtration. For the PCR-based detection seed
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diagram shows the different treatments. Control 1 was incubated
over the whole time of the experiment at 60% rh. Control 2 was
incubated over the whole time of the experiment at 100% rh

samples were first visually pre-checked for conspicu-
ousness before PCR using a stereo-microscope. Single
seeds showing whitish incrustation or lesions on the
surface were used for DNA isolation. Samples were
transferred individually to 2.0 ml reaction tubes and
three tungsten carbide beads were added (3 mm diame-
ter, Qiagen, Hilden, Germany). The samples were then
cooled in liquid nitrogen and disrupted using a mixer
mill (TissueLyser LT, Qiagen, Hilden, Germany) by
shaking them twice at 50 Hz for 1.5 min with an inter-
vening cooling step. Genomic DNA was extracted using
the innuPREP Plant DNA Kit (Analytik Jena, Jena,
Germany). ITS-PCR, specific for oomycetes, was con-
ducted using the primers DC6 (Cooke et al. 2000) and
LR-0 (Moncalvo et al. 1995). Amplification reactions
were carried out in a reaction volume of 25 pl contain-
ing genomic DNA, 10 x Mango PCR Buffer, 0.2 mM
dNTPs, 2 mM MgClz, 0.4 uM forward and reverse
primers, and 1.5 units of MangoTaq Polymerase
(Bioline GmbH, Luckenwalde, Germany). PCR condi-
tions were as follows: an initial denaturation step of
95 °C for 3 min; 40 cycles of 95 °C for 30 s, 57 °C for
30 s, 72 °C for 1 min and 30 s, followed by a final
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extension of 72 °C for 10 min. PCR products were
separated by gel electrophoresis through a 0.8% agarose
gel (40 ml) stained with 2 pl SYBR safe DNA gel stain
(ThermoFisher SCIENTIFIC, Dreieich, Germany) in
TAE buffer. Visualization was done with UV light.
PCR products were purified using the DNA Clean &
Concentrator TM-5 Kit (ZYMO RESEARCH, Frei-
burg, Germany). Amplicons were sequenced at Eurofins
Genomics (Eurofins Genomics GmbH, Ebersberg, Ger-
many) using the same primers that were used for PCR.
Forward and reverse strands were assembled and edited
using Sequencher 5.4.1 (Gene Codes Corporation, Ann
Arbor, Michigan, USA). Sequences obtained in this
study were deposited in GenBank under accession num-
bers MN308034 - MN308053.

To identify the sequences obtained from the seeds
that had tested positive in PCR for oomycetous contam-
ination phylogenetic trees were inferred in MEGA 7
(Kumar et al. 2016) using Neighbour Joining analysis
(NJ) (Saitou and Nei 1987) and the Kimura 2-parameter
model as substitution model. The robustness of the
phylogenetic trees were assessed on the basis of 1000
bootstrap (BS) replicates (Felsenstein 1985). The data
set consisted of sequences obtained from the positive
PCR reactions, P. salviae-officinalis from infected sage
leaves from this study, and several sequences of the
closely-related P. belbahrii and other Peronospora spe-
cies parasitic on Lamiaceae prepared by us. Also, se-
quences of Pythium species taken from GenBank select-
ed according to BLASTn searches in GenBank were
included in the analysis. A second NJ tree was inferred,
using only the ITS sequences from P. salviae-officinalis
and P. belbahrii, because of lacking resolution of these
two species in the large data set.

A seed washing and spore filtration method devel-
oped for the detection of bunt (7illetia spp.) in wheat
seeds (Kietriber 1984) was used to wash-off and trap
potentially adhering spores from the surface of
S. officinalis seeds. For the seed washing process, 5 g
seeds per sample were added into a 250 ml Erlenmeyer
flask with 80 ml of detergent solution (0.1% Tween 20
in deionised water) and were shaken for 20 min at
200 rpm. After shaking, the supernatant was immedi-
ately transferred to a second Erlenmeyer flask to sepa-
rate it from the seeds. For filtration the supernatant was
transferred into a Nalgene vacuum filtration system
(MERCK, Darmstadt, Germany) with a moistened cel-
lulose nitrate membrane filter (pore size 0.45 pm, diam-
eter filter 50 mm, Sartorius AG, Gottingen, Germany).

After filtration the filter was removed with tweezers and
put into a small Petri dish until microscopic evaluation.
Every seed lot was washed and filtered three times. The
filter device was thoroughly cleaned after each seed
sample to avoid carry-over of spores. For microscopy
filter papers were cut in half. Each half was transferred
to a microscopy slide in a 1:1 water-glycerine mixture
and covered with a cover slip. Filters were screened
under a compound microscope equipped with a Jenoptik
ProgRes® digital camera. Nomarski Differential Inter-
ference Contrast (DIC) was used for observing, measur-
ing, and taking pictures of morphological structures.
Images were processed using CapturePro 2.8 (Jenoptik,
Jena, Germany). Conidia and oospores detected on the
filter paper were picked with an insect needle after the
cover slip was removed, and transferred to a microscopy
slide in water for better imaging.

Statistical analyses

All statistical analyses were performed using R version
3.6.1 (R Core Team 2018) and various R packages. For
generalized linear mixed effect models ‘glmmTMB’ was
used (Brooks et al. 2017), ‘effects’ for displaying the
effects from a fitted model (Fox 2019), and ‘emmeans’
for computing estimated marginal means (EMMs) and
performing post hoc tests (Lenth 2019). Package “dplyr’
(Wickham et al. 2019) was used for data management
and summary statistics. For graphics ‘ggplot2” (Wickham
2016), ‘ggfortify’ (Tang et al. 2016) and ‘gridExtra’
(Auguie 2017), ‘magrittr’ (Bache 2014) and ‘ggpubr’
(Kassambara 2019) were used.

Data were analyzed using generalized linear mixed
effect models, which model different probability distri-
butions for the response, and estimate fixed and random
effects. Disease development (sporulating leaf area (%))
and disease severity (symptomatic leaf area (%)) are
both continuous response variables that vary between
0 and 100%. Hence, we used beta regression mixed
models with logit link since they provide predictions
and confidence intervals limited to a range of > 0 and <
100 (Cribari-Neto and Zeileis 2010). When measure-
ments included 0% or 100%, we transformed observa-
tions by either adding or subtracting a small constant
x=0.0000001 (Cribari-Neto and Zeileis 2010).

The models for testing the effect of dark incubation on
the sporulating leaf area (%) and the chlorotic leaf area
(%) included the fixed effect incubation type (24 h-dark
and 12 h-d/n) and the random effect leaf (1-4) was nested

@ Springer



1152

Eur J Plant Pathol (2020) 156:1147-1162

in plant ID (1-10), plant ID was nested within run of the
experiment (1, 2). The random effect accounts for the
hierarchy in design, i.e. the four measurements per plant
and the three runs of the experiment. Similar models were
fitted for testing the effect of leaf wetness duration (0 h,
3h,6h,12h,24h, 48 h, 5 days to 7 days) on sporulating
leaf area (%)chlorotic for the treatment of high humidity
(100%) at the end of the infection cycle. The observations
of the treatment with low humidity (60%) at the end of
the infection cycle were not included into the statistical
analysis since only 2 out of 336 cases showed
sporulation.

To describe the temperature response curve and find
the optimum temperature for conidia germination
in vitro, summary statistics on minimum, median and
maximum of observed values are graphically displayed
for each experiment. To evaluate the effect of incubation
temperature at different time steps after inoculation on
disease development (sporulating leaf area (%)) in vivo,
a beta regression mixed effect model was fitted with the
fixed effects incubation temperature (10, 15, 20 and
25 °C) and days post inoculation (8, 9, 10 and 14 dpi)
and its two-way interaction. Random effect was leaf (1—
4) nested in plant ID (1-16/ 1-8) nested in treatment
(temperature) nested in run of the experiment (1-3).

The significance of fixed effects was tested by
likelihood-ratio chi-square test. Tukey tests were
employed for multiple comparisons of estimated
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o

©

g 80
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© 70 ° .
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12h-d/n 24h—-dark
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Fig. 2 Effect of 24 h dark incubation (24 h-dark) compared to
incubation in a 12 h day-night thythm (12 h-d/n) on disease
development. Disease development was assessed by measuring
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marginal means using the emmeans package
(P<0.05). Residuals were plotted against fitted
values and visually checked for patterns in all
models and no abnormalities were observed.

Results

The effect of dark incubation and relative humidity
on disease development in vivo

Both sporulating leaf area (p =0.503; estimated mean
24 h-dark = 95.4%; estimated mean 12 h-d/n =94.9%)
and chlorotic leaf area (p = 0.644; estimated mean 24 h-
dark = 6.0%; estimated mean 12 h-d/n=5.2%) did not
differ significantly between the two treatments, 24 h-
dark and 12 h-d/n (Fig. 2). For sporulating leaf area the
medians and the upper quartile of both treatments were
100%. For chlorotic leaf area the medians of both treat-
ments were similar with 5% for the 24 h-dark and 0%
for 12 h-d/n treatment. The lower quartile was 0% for
the chlorotic leaf area of both treatments. At the incu-
bation temperature of 15 °C chlorotic leaf spots devel-
oped earliest at 6 to 7 dpi. Thus, only relatively little
chlorotic leaf areca was observed at the time of observa-
tion in comparison to sporulating leaf area.

In vitro pre-trials on 1.5% water agar, with an
incubation at 15 °C and in darkness, showed that

b) !

60 °
@®
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& 40 .
“
(4]
9 [ ] [ ]
O
o
o 20
e
O

0
12h=d/n 24h-dark
Treatment

a) sporulating leaf area and b) chlorotic leaf area of P. salviae-
officinalis infecting Salvia officinalis. Groups with a common
letter are not significantly different at p = 0.05
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after 2 - 4 hours

after 6 hours

after 8 hours after 12 - 24 hours

Fig.3 Germinating conidia of P. salviae-officinalis on 1.5% water
agar at different incubation times, incubated at 15 °C and darkness.
a, b: Conidia with a germ-tube primordium; c: Germ-tube

germination started at 2 hpi (hours post inoculation)
with the formation of a single, small, blister-like germ-
tube primordium (Fig. 3). Six hours after inoculation,
the germ-tube primordia started to stretch. Extended
germ-tubes were observed 8 hpi. The germ-tubes
ceased growth 12 to 24 hpi.

Only two out of 336 observations (one each in
the 48 h and 5 d treatment) showed sporulation at
low humidity at the end of the infection cycle
(Fig. 4a). In contrast, in the treatment of high
humidity at the end of the infection cycle, sporu-
lating leaf area increased with increasing leaf wet-
ness duration (Fig. 4b). Sporulation was already
induced when plants were incubated at 100% rh.

a) Low Humidity (60%) from 5dpi to 7dpi
100
__ 80
X
[
1<)
S 60
©
o
j)]
£
T
3 40
o
joN
(2]
20 ° e
0
oh 3h 6h 12h  24h  48h 5d
(control 1)

Leaf wetness duration

Fig. 4 Effect of leaf wetness duration after inoculation and hu-
midity at the end of the infection cycle on disease development.
Control 1 and control 2 refer to control 1 and control 2 described in
the test scheme of Fig.1. Only for those treatments marked with

Sporulating leaf area (%)

primordia start to stretch; d: Conidia with young germ-tube; e:
Conidia after 24 h with a fully elongated germ-tube. Scale: 25 pm

only for the first 3 h after the inoculation. Sporu-
lating leaf area was lower in treatments with 3 h
(median 10%) than in treatments with 6 h (median
60%) and longer leaf wetness duration (median>
70% for 12 h, 24 h, 48 h and 7 d).

The effect of temperature on conidia germination
in vitro and disease development in vivo

Peronospora salviae-officinalis did germinate in vitro
over a temperature range between 2 and 30 °C. The
temperature response pattern was similar across the
three replicates/experiments but much lower germina-
tion rates were observed in experiment 1 compared to

High Humidity (100%) from 5dpi to 7dpi
a b ® d d d d

80

60 L] °
. . —l

40
20 .

.

.

0
Oh 3h 6h 12h 24h 48h 5d

Leaf wetness duration (control 2)
letters a mixed effect model was fitted. The treatments at low
humidity (a) were not statistically analyzed because (almost) no
sporulation was observed. Groups with different letters indicate
significant differences in means at alpha 0.05
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experiments 2 and 3. The optimum temperature for
conidial germination in vitro was 20 °C in all three
experiments (Fig. 5). At 20 °C, 82 out of 100 conidia
germinated in the first 24 h in experiment 2 and 3 and 43
out of 100 in experiment 1. The majority, i.e. more than
90% of conidia, germinated in the first 24 h in experi-
ment 2 and 3 (Fig. 5).

The highest sporulating leaf area in vivo was observed
at inoculation temperatures at 20 degrees after 7 dpi (me-
dian at 80%), and at 15 °C after 9 dpi (median at 80%)
(Fig. 6). At temperatures of 10 and 15 °C sporulation
started at 8 dpi or 5 to 6 dpi, respectively, while at temper-
atures of 20 and 25 °C it started earlier at 4 dpi. At 5 °C
P salviae-officinalis did not sporulate until 14 dpi, but
when plants were incubated at 25 °C for further three days,
sporulation was observed (see 17 dpi in Fig. 6). The mixed
model indicated a significant interaction between incuba-
tion temperature and time after inoculation on sporulating
leaf area (all p-values <0.001), which showed an increase
in sporulating leaf area at 10 °C with increasing dpi, while
at 15, 20 and 25 °C sporulating leaf areca was already at
high and constant level. This pattern was constant across
all three experiments (Fig. S1).
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High temperatures expedite the appearance of
symptomatic spots and hence increase symptomatic
leaf area (Fig. S2). The highest symptomatic leaf
area was observed at inoculation temperatures at
20 °C after 9 dpi (median at 80%), and at 15 °C as
well as 25 °C after 8 to 9 dpi (median at 70%). At
20 and 25 °C first symptoms became visible at 5
dpi, at 15 °C at 6 dpi and at 10 °C at 10 dpi. At 5 °C
no symptomatic leaf area was observed during the
experiments. The mixed model indicated a signifi-
cant interaction between incubation temperature and
time after inoculation on symptomatic leaf area (all
p-values <0.001), which showed an increase in
symptomatic leaf area with increasing dpi, which
differed in strength and maximum between temper-
atures (see suppl. Fig. S2). This pattern was constant
across all three experiments (see suppl. Fig. S3).

In this study oospores of P. salviae-officinalis
were observed in infected sage leaves after incuba-
tion at temperatures between 15 and 25 °C (Fig. 7).
They were round and thick-walled, sometimes
surrounded by a hyaline oogonium, and were
formed close to the cuticle. The diameter of

Experiment 3
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Fig. 5 Conidial germination rate (%) of Peronospora salviae-
officinalis in vitro, incubated under different temperatures ob-
served after 24 h (grey bars) and 48 h (white bars) in three
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replicated experiments. Barplots indicate the median and error
bars the minimum and maximum germination rate
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Fig. 6 Sporulating leaf area (%) of Peronospora salviae- included in the mixed effect model because no sporulation was
officinalis on Salvia officinalis at different incubation temperatures observed during the whole 14 days of the experiment. Note: Level
and days post inoculation. A mixed effect model was fitted for 17 dpi at temperature 5 °C represents the sporulating leaf area (%)
treatments 10-25 °C for 8—14 dpi. Different letters indicate signif- after an increase in incubation temperature from 5 to 25 °C for
icant differences between the treatments according to Tukey post three days after the end of the experiment

hoc test at significance level 0.05. The 5 °C-treatment was not

oospores of P. salviae-officinalis was between 26 for P, salviae-officinalis showed a clear and strong band
and 41 um. At 20 and 25 °C incubation temperature around 1250 bp. Amplification products of samples
oospores developed at 8 dpi, at 15 °C at 14 dpi. No 1.1-2.3, 3.3, 4.1, 4.3, 5.1, 5.2, 6.2, 7.1, 7.2, 8.1-8.2

oospores were found in infected leaves of the 5 and were of the same size as the positive control and were
10 °C treatments during the time of observation. sequenced for verification. BLASTn results of the ob-

tained sequences in GenBank gave best hits with
Seed testing for P. salviae-officinalis P salviae-officinalis (1.1, 1.2, 2.1-2.3, 3.3, 4.1, 4.3,

5.1,6.2,7.1,72, 8.1, 8.3) and Pythium spp. (1.3, 5.2
All eight seed samples from S. officinalis tested carried and 8.2), respectively. The 14 sequences, which gave
DNA of oomycetes as revealed by PCR specific for the best hits with P. salviae-officinalis were all identical
ITS-region of oomycetes (Fig. 8). The positive control among each other and clustered without any genetic

Fig. 7 Oospores of Peronospora salviae-officinalis in infected oospores between leaf mesophyll cells. b and c: Squeeze prepara-
leaf material of Salvia officinalis 14 days after inoculation and tion of necrotic leaf spots of sage leaves showing oospores of
incubation at 15 °C. a: Section through an infected leaf reveals P, salviae-officinalis. Scale: 50 pm
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Fig. 8 Picture of an agarose gel of PCR products of the ITS IDNA
of oomycetes extracted from seeds of Salvia officinalis. Fragment
sizes are indicated to the left. DNA of Peronospora salviae-

distance together with P. salviae-officinalis, but also
with P. belbahrii, in the phylogeny comprising a larger
taxon sampling of Peronospora and Pythium species
(Fig. 9). If only P. belbahrii and P. salviae-officinalis
were used in a neighbour joining analysis (Fig. 10) they
clearly clustered in two individual groups, which result-
ed from 2 to 3 distinct substitutions. The small genetic
distances caused by the substitutions were blurred in the
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7.2 7.3 8.1 8.2

officinalis was used as positive control (+), a PCR mix without
added DNA as negative control (—)

larger data set because they were positioned at gap
positions in the alignment that were introduced due to
the larger and phylogenetically heterogenous taxon
sampling. The sequences obtained from seed samples
1.3, 5.2 and 8.2 differed slightly (1.3 and 8.2) or signif-
icantly (5.2 from 1.3 and 8.2) among each other and
clustered with different Pythium lineages, accordingly.
The DNA sequence obtained from seed sample 5.2




Eur J Plant Pathol (2020) 156:1147-1162 1157

MN308034 Peronospora salviae-officinalis
MN308035 Peronospora salviae-officinalis
MN308036 Peronospora salviae-officinalis
MN308037 seed sample 1.1
MN308038 seed sample 1.2
MN308039 seed sample 2.1
MN308040 seed sample 2.2
MN308041 seed sample 2.3
MN308042 seed sample 3.3
MN308043 seed sample 4.1
MN308044 seed sample 4.3
MN308045 seed sample 5.1
MN308046 seed sample 6.2
MN308047 seed sample 7.1
MN308048 seed sample 7.2
MN308049 seed sample 8.1
MN308050 seed sample 8.3
MN308051 Peronospora belbahrii
MN308052 Peronospora belbahrii
MN308053 Peronospora belbahrii
MN450330 Peronospora belbahrii

99

— MN450321 Peronospora elsholtziae
100 | MN450325 Peronospora lamii
MN450324 Peronospora lamii

1 Ep——

JN882274 Peronospora saturejae-hortensis

MN450315 Peronospora viciae

MN450322 Peronospora teucrii
AY455693 Pythium longisporangium strain F-1200
HQ643680 Pythium longisporangium CBS122646
MN757913 seed sample 5.2
KP063122 Pythium amasculinum isolate SB2
HQ643424 Pythium aff hydnosporum voucher BR978
GU323340 Pythium oligandrum isolate SLA001
EU334496 Pythium amasculinum strain AT-211
EU334494 Pythium ornamentatum strain AT-221
AY598672 Pythium hydnosporum strain CBS253.60
AY598618 Pythium oligandrum strain CBS382.34
100[ MN757914 seed sample 8.2
l -[MN757912 seed sample 1.3
MK794948 Pythium oligandrum isolate VAL1702 104
96 AY598631 Pythium apleroticum strain CBS772.81
—|: AY598635 Pythium capillosum strain CBS222.94

AY598680 Pythium scleroteichum strain CBS294.37

100

99

0.02 substitutions/site

Fig. 9 Phylogenetic placement of the sequences obtained from
sage seed samples (highlighted by a red box) based on ITS rDNA

taxa is represented by branch length and the scale bar represents
the number of nucleotide substitutions per site. Peronospora sam-

sequences using Neighbour Joining analysis with Kimura-2-
parameter model within representative samples of Peronospora
and Pythium species. Bootstrap values greater than 70% are given
above the branches. The number of nucleotide changes between

ples acquired from seeds of Salvia officinalis cluster with se-
quences of P. salviae-officinalis and P. belbahrii. Scale bar indi-
cates number of substitutions per site
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MN308049 seed sample 8.1
MN308050 seed sample 8.3
MN308048 seed sample 7.2
MN308047 seed sample 7.1
MN308046 seed sample 6.2
MN308045 seed sample 5.1
MN308044 seed sample 4.3
MN308043 seed sample 4.1

MN308042 seed sample 3.3
MN308041 seed sample 2.3
MN308040 seed sample 2.2
MN308039 seed sample 2.1
MN308038 seed sample 1.2
MN308037 seed sample 1.1
MN308036 P. salviae-officinalis
MN308034 P. salviae-officinalis
MN308035 P. salviae-officinalis
MN450330 P. belbahrii

MN308051 P. belbahrii

0.0001 substitutions/site

Fig. 10 Neighbour joining analysis of sequences from seeds
tested positive for Peronospora (highlighted by red box) with
ITS tDNA sequences of P. salviae-officinalis and P. belbahrii,
respectively. Scale bar represents nucleotide substitutions per site.

clustered without any genetic distance together with
Pythium longisporangium specimens, suggesting
conspecificity. The sequences of the Pythium spp. found
in seed samples 1.3 and 8.2 differed slightly among each
other and could not be resolved based on ITS clustering
within a heterogenous group consisting of sequences of
P oligandrum, P. hydnosporum, P. ornamentum, P.
amasculinum. The final alignments obtained were de-
posited in TreeBASE and are available under http://purl.
org/phylo/treebase/phylows/study/TB2:S25456.
Microscopy of the filter papers obtained by the spore
filtration method of the eight seed samples showed
oospore-like structures on the membrane filter
(Fig. 11), which were confirmed as oospores when
observed in higher magnification in lactic acid. Shape
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MN308052 P. belbahrii
MN308053 P. belbahrii

All Peronospora sequences obtained from seeds of Salvia
officinalis cluster with P. salviae-officinalis and can be distin-
guished from the closely related P. belbahrii. Scale bar indicates
number of substitutions per site

and size of these oospores were consistent with shape
and size of oospores found in leaves of S. officinalis
infected with P. salviae-officinalis. The oogonium, was
not detectable, and might have been disrupted during the
seed washing process. Besides oospores, conidia and
conidiophores that were characteristic of P. salviae-
officinalis were detected on the membrane filters of
two seed lots out of eight.

Discussion
Peronospora salviae-officinalis, the downy mildew of

common sage, is now widespread and impedes sage
production worldwide while basic knowledge on the
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Fig. 11 Oospores and conidia collected from sage seeds by seed
washing. a.1-c.1: Pictures of conidia and oospores on membrane
filters after seed washing. a.2-c.2: Conidia and oospores after

epidemiology of the disease was scarce so far. In the
present study we determined the impact of basic epide-
miological factors such as temperature and moisture on
speed and intensity of disease development to improve
our understanding of the infection process. We also
screened for oospores in planta and in seed lots to gain
insights into the potential avenues of spread of the
disease that eventually could result in better containment
of the disease.

Dark incubation over a prolonged time was not nec-
essary for successful artificial inoculation and infection
of sage downy mildew. In infection trials, downy mil-
dews are usually incubated in complete darkness for the
first 24 h (Diez-Navajas et al. 2008; Lebeda and Cohen
2010; Neufeld and Ojiambo 2012; Djalali Farahani-
Kofoet et al. 2014; Kandel et al. 2019). Our findings
suggest that the common practice of keeping downy
mildews for 24 h in dark after inoculation is not essential
for the infection success. We also found that leaf wet-
ness for three hours after inoculation is sufficient for
infection. Similar times had been determined for other

transfer to 60% lactic acid on an objective microscope slide. a.l
and 2: conidia. b.1, c.1, b.2 and ¢.2: Oospores. Scales: a.1 and 2:
20 wm, b.1 and 2: 25 um, c.1 and 2: 50 um

downy mildews such as Pseudoperonospora cubensis
(Cohen 1977; Neufeld and Ojiambo 2012), Plasmopara
viticola (Gdumann 1951a), and P. belbahrii (Cohen and
Ben-Naim 2016). For sporulation, however, a second
event of high humidity or leaf wetness, is necessary,
which is probably the case for all downy mildew species
(Gdumann 1951b; Lange et al. 1989; Garibaldi et al.
2007). The timing of this second humidity event de-
pends on incubation temperature. At 10 °C a humidity
event no earlier than eight to ten days post inoculation
will lead to sporulation, while at 25 °C high humidity
between four to six dpi is a sufficient time span. These
results are in line with observations made on cucumber
downy mildew requiring an initial minimum duration of
leaf wetness of two hours for successful infection
(Cohen 1977), and later a minimum of at least 90%
rel. humidity for sporangiophores production (Palti and
Cohen 1980; Lebeda and Cohen 2010). In our studies
temperatures between 15 and 20 °C were most
favourable for disease progress, resulting in the highest
sporulating and symptomatic leaf area. Similar
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temperature ranges were also found favourable for the
infection of P. belbahrii on basil (Djalali Farahani-
Kofoet et al. 2014) and the cucurbit downy mildew Ps.
cubensis (Neufeld and Ojiambo 2012). While leaf wet-
ness is essential for infection and sporulation, tempera-
ture seems to be an important driver for the extent of
disease development with highest disease outcomes at
temperatures between 20 and 25 °C. Nevertheless, co-
nidia of P. salviae-officinalis were able to infect sage
plants at all temperatures tested between 5 and 25 °C.
Even at 5 °C P, salviae-officinalis was still able to infect
plants, but only sporulated at higher temperatures of at
least 10 °C. This implies that P. salviae-officinalis can
latently infect sage during long periods of the year in
many climatic regions and is then able to sporulate
quickly if temperatures rise.

In the present study oospores readily developed with-
in 8 dpi at temperatures between 20 and 25 °C and 14
dpi at 15 °C. Montes-Borrego et al. (2009) demonstrated
that oospores of opium poppy downy mildew in infested
soil or leaf debris are an effective inoculum for early
infections of poppy seedlings through plant roots. As
oospores were observed frequently at higher tempera-
tures in infected sage plants in our infection trials par-
ticular caution is recommended concerning crop resi-
dues from infected stands. As infected leaf debris de-
composes and oospores are released, inoculum in soil
may accumulate over the years if infested plants are not
effectively removed from the field.

Contamination of sage seeds with P. salviae-
officinalis were found in all seed lots investigated based
on ITS-PCR and sequencing. Less frequently seed con-
tamination with presumably Pythium longisporangium
and one or two other Pythium species were detected. By
applying a spore filtration technique to sage seeds the
presence of oospores and conidia in seed samples could
also be proven microscopically. However, it is difficult
to distinguish between oospores of Peronospora and
Pythium based on microscopy only. Oospores sticking
on to seeds of their host plants are very efficiently spread
into new areas (Rennie and Cockerell 2006). This was
shown for example for P. belbahrii (Farahani-Kofoet
et al. 2012; Garibaldi et al. 2004), P effusa (Kunjeti
etal. 2016) and P. arborescens (Landa et al. 2007). The
frequent contaminations of sage seed lots with
P, salviae-officinalis found by us could explain the quick
worldwide spread of the disease as well as the observa-
tions from a monitoring survey conducted in 2016 and
2017 where P. salviae-officinalis was detected in all
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eight sage stands investigated throughout Germany,
even in newly sown stands (Thiemann and Blum
2019). Taken together, the reported findings on the
epidemiology and infection biology of P. salviae-
officinalis could serve as basis for the development of
forecast models for the occurrence of downy mildew in
sage production. Furthermore, our results may help to
develop appropriate combat and containment strategies
against sage downy mildew and hence support sage
cultivation worldwide.
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