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Abstract Downy mildew, caused by the obligate
oomycete Peronospora effusa (Pfs), is the most eco-
nomically important disease of spinach. In recent years,
numerous new races of the pathogen have overcome the
resistance used in newly released cultivars. Resistance
to Pfs in spinach is predominantly governed by domi-
nant major resistance genes (RPFs) that are widely used
in commercial spinach hybrid cultivars. Currently, a
labor and resource-intensive inoculation test of whole
plants, in a large tray format, in a temperature-controlled
growth chamber and dew chamber, is employed to
evaluate the resistance of spinach germplasm and to
characterize races of the downy mildew pathogen. The
objective of this work was to evaluate, standardize, and

validate a more efficient detached leaf inoculation meth-
od to differentiate resistant and susceptible spinach ge-
notypes and characterize Pfs races on a standardized set
of spinach differential genotypes. Detached leaves and
cotyledons of standard host differentials commonly
used for race differentiation were placed on water agar
in closed Petri dishes and inoculated by spraying the
leaves with a spore suspension of Pfs inoculum. Disease
incidence and severity on detached leaves and cotyle-
dons were compared to the response of the correspond-
ing cultivars in the standard whole-plant assay. There
was a complete match between the disease reaction on
whole plants and the disease reaction on detached leaves
for all three races of Pfs examined. Furthermore, the
obligate pathogen could infect, sporulate, and maintain
pathogenicity by propagation solely on detached leaves.
The detached leaf assay could facilitate advances in
breeding for Pfs by evaluating resistance, pathogen race
identification, and studies on epidemiology and genetics
of the pathogen as the tests are less labor, resource-
intensive than the whole-plant assay format, and envi-
ronmental variables can be more accurately controlled.

Keywords Spinach . Downymildew. Detached leaf
inoculation . Oomycete . Disease resistance

Introduction

Downy mildew (DM), caused by the obligate oomycete
Peronospora effusa (formerly P. farinosa f. sp.
spinaciae [Pfs]), is the most economically important
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disease of spinach in the US (Correll et al. 2011). Spin-
ach production has increased dramatically in recent
years in the US due to increased consumption as a result
of the availability of high quality triple-washed pack-
aged baby leaf spinach (Klosterman 2016; USDA-
NASS 2019). Spinach is typically grown in high density
plantings (5–10 million seed/ha) for 12 months of the
year, and this plant density has favored the selection of
new races of Pfs which overcome newly released resis-
tant cultivars. Seventeen races of Pfs have been reported
(Brandenberger et al. 1991; Feng et al. 2014, 2018; Irish
et al. 2003, 2007; Satou et al. 2006), of which 14 new
races have been described in the last three decades. A
novel virulence pattern that is observed on the standard-
ized differential spinach cultivars, as confirmed among
multiple labs, is reported as a new race by the Interna-
tional Working Group on Peronospora (IWGP)
(Dijkstra et al . , 2011; ht tps: / /spinach.uark.
edu/amsterdam-october-2011/), and each new race
represents a significant setback for breeders. The rate
of emergence of races appears to be related to high
density cultivation practices in California and Arizona.
In addition, genetic variation resulting from asexual
variation and sexual recombination of the pathogen
can contribute to virulence variation in the pathogen.

Races of the downy mildew pathogen are defined
based on the disease reactions of a set of standardized
differential spinach cultivars in a whole plant bioassay
(Brandenberger et al. 1991; Feng et al. 2014, 2018; Irish
et al. 2007). Briefly, this bioassay involves growing the
differentials until the plants are 2–3 weeks old. Conidia
are washed off from infected spinach leaves, and the
resulting spore suspension with a density of 105 spores
per ml is used for inoculation. Inoculated plants are first
placed in a temperature-controlled dew chamber (18 °C)
for 24 h to provide free moisture, then transferred to
temperature-controlled growth chamber (18 °C) for
5 days, and finally returned to the temperature-
controlled dew chamber (18 °C) for 24 h to induce
sporulation. On the seventh day, each plant of the dif-
ferential set is rated for signs of the pathogen and symp-
toms of downy mildew. Based on the reaction pattern on
the set of differentials, the race identity of the pathogen
can be determined. Novel isolates exhibiting a unique
reaction pattern on the standard set of spinach differen-
tials go through a process whereby multiple labs that
participate in the IWGP test the isolate. If the IWGP
comes to a consensus on the disease reactions, they will
denominate the novel isolates as a new race. Thus, the

entire process typically takes 3–5 weeks, involves the
maintenance and rental cost of a dew chamber and
growth chamber, and labor to maintain all aspects of
the bioassay. If adequate inoculum was not available in
the original inoculation and the first round of inocula-
tions did not produce conclusive disease reaction results
on the differentials, the entire process needs to be re-
peated with the inoculum that was produced in the first
cycle of the bioassay extending the effort to 6–8 weeks.
Thus, the whole plant inoculation method has some
major logistical disadvantages in terms of space, re-
sources, and destructive phenotyping. The space re-
quirements and risk of cross-contamination of different
isolates also reduce the number of assays that can be
performed at a given time.

Resistance against the downy mildew pathogen re-
mains a primary focus of all major spinach breeding
programs (Morelock and Correll 2008). Although quan-
titative resistance to the downy mildew pathogen has
been identified (Irish et al. 2003), it is considerably more
challenging to assess than qualitative resistance in the
current whole plant bioassay. The development of a
more efficient and reliable bioassay to screen for resis-
tance against the pathogen and race-typing would be
advantageous for any breeding program working on
disease resistance, especially in the case of spinach,
given the recent rise in the numbers of different
pathotypes of the Pfs pathogen. A detached leaf inocu-
lation assay is a non-destructive (for the whole plant)
disease evaluation method, would require much less
space and inoculum, and allow a given plant to be
evaluated with multiple races. Although a detached leaf
assay has been previously described for Pfs (Kubota
et al. 2017; Yamauchi et al. 2011), the assays did not
validate the disease reactions of known races nor com-
pare the reactions to whole plant assays. Thus, the tests
previously described could not authenticate the reac-
tions and took considerably longer to perform than the
assays described in the current study.

The objective of this study was to develop, standard-
ize, and validate an efficient and reliable detached leaf
inoculation assay for Pfs using three races/isolates with
a known disease reaction on differentials. The described
assays have the potential to considerably reduce the
resources and labor needed to perform the standard
whole plant assays. Further development and standard-
ization of the detached leaf assay are anticipated to
facilitate advances in breeding for Pfs resistance and in
the analyses of pathogen epidemiology and genetics.
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Materials and methods

Plant material

A standard set of differential cultivars were used for the
distinction of denominated races of Pfs, as defined by
diverse stakeholders in the InternationalWorking Group
on Peronospora (IWGP) (Dijkstra et al., 2011;
https://spinach.uark.edu/amsterdam-october-2011/).
Three isolates of Pfs, UA0510C, UA201715, and
UA2020-01E, representing races 13, 5, and a recently
identified novel strain, respectively, were evaluated for
disease incidence and severity in a standard whole plant
bioassay and compared to disease reactions in a newly
developed detached leaf bioassay (Table 1). Briefly,
seeds of differential cultivars were sown in 25 × 50-cm
plastic trays filled with potting soil (Sun Gro Horticul-
ture, Canada), and a tray contained ten cultivars and 20
seed per cultivar. For Pfs 13, 13 differential genotypes
were evaluated, while ten genotypes were evaluated for
Pfs 5 and isolate UA2020-01E. The universally suscep-
tible control cultivar Viroflay was also grown in a sep-
arate tray in a similar planting format to increase inoc-
ulum. Plants were grown in the greenhouse (at approx-
imately 25 °C) for 2 weeks, watered daily, and fertilized
weekly using Miracle-Gro® All Purpose Plant Food
following a standard protocol (Feng et al. 2014, 2018).

Inoculum preparation for whole plant and detached leaf
inoculations

The inoculum of each of the three isolates of Pfs was
increased on the susceptible cultivar Viroflay and use to
inoculate the standard set of differentials in a whole
plant assay as previously described (Feng et al. 2014,
2018) and also in a detached leaf assay as described
here. In brief, sporangia were washed off from the
infected leaves of Viroflay in cold (4 °C) distilled water.
Inoculum suspension was filtered using two layers of
cheesecloth and diluted to 105 spores/ml and sprayed
with a Badger basic spray gun (model 250) onto 2-
week-old whole plants or detached leaves until the
cotyledons and true leaves were wet.

After inoculation, plants were incubated following a
standardized set of previously published conditions
(Feng et al. 2014, 2018). Briefly, inoculated plants or
detached leaves were incubated in a dew chamber
(18 °C) for 24 h. Following the dew chamber incuba-
tion, the plants or detached leaves were moved to a

growth chamber (18 °C, 12 h dark-light cycle). After
6 days, plants or detached leaves were returned to the
dew chamber (18 °C) for 24 h to induce sporulation and
then scored for the disease reaction.

Optimization of the detached leaf inoculation assay

Several preliminary detached leaf inoculation tests were
conducted by placing detached leaves from the suscep-
tible cultivar Viroflay in Petri dishes with moist filter
paper, moist cheesecloth, or on the surface of 2% water
agar. Detached leaves and whole plants of Viroflay were
inoculated and incubated side by side with isolates
UA0510C (race 13) following the routine inoculation
method (Feng et al. 2014). The tests were conducted
blind on a set of differential cultivars whereby the cul-
tivar names were kept unknown until after phenotyping.
Once the initial protocols were evaluated, the detached
leaf tests were conducted by placing detached leaves on
the surface of 2% water agar as this allowed for good
pathogen development without the leaves desiccating.

Detached leaf inoculation experiment

For the detached leaf assays, one leaf and cotyledon
from three to four plants of each genotype (Table 1)
were excised and were placed in a Petri dish (100 × 15-
mm) on the surface of 2% water agar medium with the
abaxial surface facing upward (Fig. 1). Detached leaves
in Petri dishes with the lids removed, along with the
whole plants in the tray format, were inoculated follow-
ing the standard procedures described above. The Petri
dish lids were put back on the plates with detached
leaves after inoculation, and the Petri dishes were incu-
bated in a dew chamber (18 °C) for 24 h. Following the
dew chamber incubation, the Petri dishes and plant trays
weremoved to a growth chamber (18 °C, 12 h dark-light
cycle). Once placed in the growth chamber, the Petri
dish lids were opened for 20 min to allow excess water
on the detached leaves to evaporate. The detached
leaves in the Petri dishes were examined daily to check
moisture conditions, and water was sprinkled with a
hand sprayer to the surface of the water agar if the leaves
are desiccating. After 6 days, plant trays and Petri dishes
were returned to the dew chamber (18 °C) for 24 h to
induce sporulation, and disease reactions were recorded
as previously described.
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Maintenance of the downy mildew pathogen
on detached leaves

To evaluate the effectiveness of propagating the obligate
pathogen Pfs solely on detached leaves, an inoculum
suspension of Pfs 13 isolate UA0510C was prepared
exclusively from the infected detached leaves of the
susceptible differentials and Viroflay to determine the
potential of producing viable inoculum from infected
detached leaves. A new set of detached leaves and
cotyledons from the differentials were inoculated with

an inoculum suspension obtained exclusively from the
detached leaves.

Detached leaf assay on a tray format

In addition to the use of 2% water agar in Petri dishes to
evaluate the disease reaction on detached leaves, an
agarose gel tray format was used with 2% water agar.
The cotyledons and true leaves of each cultivar were
pinned with unique colored head needles (Fig. 2). The
gel tray was placed on a rectangular plastic box with a

Table 1 Disease responses of spinach differential cultivars to the
spinach downy mildew (DM) pathogen (Peronospora effusa)
races maintained on whole plants (WP) or detached leaves (DL)

in a whole plant or detached leaf bioassay. Disease response of the
differential cultivars inoculated using Pfs maintained exclusively
on the detached leaves are also presented

Cultivars Expected DM responsea DM response following DL assayb

Pfs 13 Pfs 5 UA2020-01E Pfs 13 on WPc Pfs 13 on DLd Pfs 5 on WPe UA2020-01E on WPf

DL WP DL DL WP DL WP

Viroflay + + + + + + + + + +

NIL2 + – + + + + – – + +

NIL3 + – – + + + – – – –

NIL4 + + + + + + + + + +

NIL5 + + + + + + + + + +

NIL6 + – + + + + – – + +

Whale + – – + + + ntg nt nt nt

Califlay + – – + + + nt nt nt nt

NIL1 – – + – – – – – + +

Pigeon – – + – – – – – + +

Hydrus – – + – – – – – + +

Meerkat – – + – – – – – + +

Caladonia – – – – – – nt nt nt nt

a Known downy mildew response of the spinach differential cultivars as reported in Feng et al., 2014, 2018 following the standard whole
plant inoculation method. A plant showing chlorosis and sporulation on cotyledons, true leaves, or both were classified as susceptible (+). A
plant without chlorosis or sporulationwas rated as resistant (−). A spinach cultivar was recorded as susceptible if more than 85% of the plants
were diseased (+) or recorded as resistant if less than 15% of plants were diseased (−)
b Downy mildew disease response of each cultivar following the whole plant (WP) and detached leaf (DL) inoculation assay in this study to
validate the detached leaf inoculation assay
cPfs 13 inoculumwas prepared weekly on the whole plants of the susceptible cultivar Viroflay in a separate tray. The disease response report
is from the three independent inoculation tests for each cultivar
dPfs 13 infected detached leaves on the Petri dishes were only used to prepare spore suspension and were used to inoculate the detached leaf
of differential cultivars. The disease response report is from the two independent inoculation tests for each cultivar
ePfs 5 inoculum was prepared weekly on the whole plants of the susceptible cultivar Viroflay in a separate tray. The disease response report
is from the three independent inoculation tests for each cultivar
f Novel Pfs isolate UA2020-01E inoculum was prepared weekly on the whole plants of the susceptible cultivar Viroflay in a separate tray.
The disease response report is from the three independent inoculation tests for each cultivar
g nt = lines not tested. Differential cultivars were grown on a plastic tray (25 × 50-cm) that accommodates ten cultivar rows
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0.5-in. lid open during incubation periods in the dew
chamber and growth chamber. Eight to 10 genotypes
that fit on a tray were inoculated with either Pfs 5 or
isolate UA2020-01E, and the downy mildew disease
response was compared with the disease response on
whole plants. The detached leaves in the gel tray format
were sprinkled with water using a hand sprayer to avoid
leaf desiccation during incubation.

Disease scoring

Disease reactions were evaluated for incidence as de-
scribed by the IWGP (Dijkstra et al., 2011;
https://spinach.uark.edu/amsterdam-october-2011/) by
visually inspecting cotyledons and true leaves for
sporulation using a magnifying lens, as previously
described (Feng et al. 2014). Disease incidence was
evaluated based on the development of chlorosis on
cotyledons and true leaves and the presence (+) or
absence (−) of sporulation on cotyledons and true
leaves. A plant showing chlorosis and sporulation on
cotyledons, true leaves, or both were classified as sus-
ceptible (+). A plant without chlorosis or sporulation
was rated as resistant (−). A spinach cultivar was record-
ed as susceptible if more than 85% of the plants were
diseased (+) or classified as resistant if less than 15% of

plants were diseased (−) for each experimental unit of
three plants or plant parts (cotyledons, true leaves).

Experimental design and analysis

The detached leaf and whole plant inoculation assay
for isolates of Pfs UA201715 (race 5), UA0510C
(race 13), and UA2020-01E were conducted in three
independent tests. For the whole plant assay, three
plants represented a replication, and three replica-
tions were scored for each cultivar. For the detached
leaf assay, three detached leaves and three cotyle-
dons of each cultivar placed on water agar in a Petri
dish was a replicate, and each cultivar was inoculat-
ed in three replication. Disease incidence and sever-
ity scores of cultivars in each replication and inoc-
ulation method (detached leaf, whole plant) were
calculated. The experiment was a multifactorial
completely randomized design (CRD).

The assay to test the maintenance of the downy
mildew pathogen on detached leaves, whereby inoc-
ulum of UA0510C (race 13) was prepared solely
from detached leaves, was conducted in two inde-
pendent tests. The assay to evaluate the disease
reactions of Pfs 5 and UA2020-01E on whole plants

Fig. 1 Downy mildew disease response of the spinach cultivars
inoculated with Peronospora effusa isolate UA2020-01E follow-
ing the detached leaf inoculation method. Disease signs and symp-
toms were examined at seven days post-inoculation. a. NIL3 is a

resistant differential cultivar that does not show any sign of downy
mildew. b. Viroflay is susceptible, and the leaves show chlorosis
and sporulation
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and the detached leaves in the agarose tray format
were conducted in two independent tests.

Results

The initial evaluations and optimization of the detached
leaf assay indicated that good infection and symptom
development on the detached leaves of susceptible cul-
tivars occurred when they were placed in Petri dishes on
the surface of 2% water agar following standard inocu-
lation and incubation methods for whole plants as pre-
viously described (Feng et al. 2014, 2018). Once the
initial detached leaf protocol was optimized and validat-
ed, replicated experiments were conducted on a set of
differential cultivars to compare disease incidence and
severity on the whole plants with those in the detached
leaf inoculation assay. The disease response comparison
between the detached leaf and whole plants were eval-
uated repeatedly with three different Pfs races: Pfs 5

(isolate UA201715), Pfs 13 (isolate UA0510C), and
novel isolate UA2020-01E.

Initial detached leaf assays performed on the Petri
dishes with Pfs 13 (isolate UA0510C), sporulation and
chlorosis were observed on the true leaves and cotyle-
dons of Viroflay, NIL2, NIL3, NIL4, NIL5, NIL6,
Whale, and Califlay, but not on the true leaves and
cotyledons of NIL1, Meerkat, Pigeon, Caladonia, and
Hydrus (Fig. 1). The whole plant assays confirmed that
Viroflay, NIL2, NIL3, NIL4, NIL5, NIL6, Whale, and
Califlay were susceptible, while the cultivars NIL1,
Meerkat, Pigeon, Caladonia, and Hydrus were resistant
as expected for the Pfs race 13 (Table 1).

Similarly, to validate the effectiveness of the de-
tached leaf inoculation assay with other Pfs races, the
spinach differential lines were inoculated with isolate
UA201715 (race 5) and UA2020-01E in the whole plant
and detached leaf assay for three independent experi-
ment run, and each differential lines were tested in three
replications. Disease response on the detached leaf and

Fig. 2 Detached leaf inoculation
of the set of differential cultivars
in a single tray

Eur J Plant Pathol



the whole plants of the differential cultivars perfectly
matched upon inoculation with the two Pfs races: Pfs 5
and isolate UA2020-01E (Table 1), which further indi-
cates the effectiveness of detached leaf inoculation
assay.

A resistant and susceptible downy mildew response
was observed among the differential cultivar in the
detached leaf inoculation test. Disease reactions of the
spinach differentials inoculated with Pfs 5 (isolate
UA201715), Pfs 13 (isolate UA0510C), and isolate
UA2020-01E were the same in the whole plant inocu-
lation assays as in the detached leaf assays in all three
independent experiments, and the disease responses
were averaged for each cultivar (Table 1). The suscep-
tible and resistant disease reactions of each differential
genotypes recorded in these experiments were consis-
tent with previous reports (Feng et al. 2014, 2018).
Similarly, the disease response between plant parts (cot-
yledons and true leaf) was not different in the detached
leaf and the whole plant inoculation test in all tested
cultivars (data not shown).

To determine if detached leaves could be used to
propagate the downy mildew pathogen over multiple
cycles, a series of inoculation tests were conducted on
the detached leaves. Inoculum produced exclusively on
the detached leaves of the susceptible cultivars was used
to inoculate detached leaves of the differentials for two
subsequent cycles. The data indicated that downy mil-
dew response on the detached leaves of the differential
cultivars inoculated with the inoculum produced exclu-
sively on the detached leaves perfectly matched with the
response recorded from all other inoculation methods
(Table 1).

Finally, to make the detached leaf assay more user-
friendly downy mildew disease response of several dif-
ferential cultivars was evaluated in a large rectangular
agarose gel tray that could accommodate 8–10 spinach
genotypes instead of several Petri dishes. The disease
response on the detached leaf and cotyledons of the
differential lines on the agarose gel tray perfectly
matched to the expected response for both Pfs 5 and
isolate UA2020-01E on the whole plants (data not
shown).

Discussion

A robust validated detached leaf inoculation assay
was developed as an efficient method to screen for

disease resistance to the spinach downy mildew path-
ogen and to characterize races of the pathogen. Dis-
ease incidence was evaluated on a set of spinach
differential cultivars and compared between the de-
tached leaf inoculation assay and a standard whole-
plant inoculation assay using three different races of
the downy mildew pathogen. The disease response of
the differential cultivars showed a complete corre-
spondence between the detached-leaf and whole-
plant inoculation methods for all tested races across
all repeats of each experiment with a complete con-
gruence in the qualitative disease reactions observed.
Thus, the detached leaf assay proved to be a reliable
method to differentiate the resistant and susceptible
spinach genotypes to a given race of the downy mil-
dew pathogen. Similar results have been observed
with other oomycete host-pathogen systems (Brooks
2008; Goth and Keane 1997; Nyassé et al. 1995),
although some discrepancies in the disease response
have been reported as in the Arabidopsis /
Colletotrichum spp. host-pathogen system (Liu et al.
2007). Although a detached leaf assay had previously
been used on spinach, neither the race of the pathogen
was known nor was the expected resistance reaction
among the spinach genotypes tested (Kubota et al.
2017; Yamauchi et al. 2011). As a result, it was not
possible to authenticate the robustness of the tests.
The results of the current effort offer a practical ap-
proach of using the detached leaf to identify the resis-
tance response of the host. Indeed, the detached leaf
assay, as reported here, can be reliably used to screen
for a downy mildew disease response that allows
distinguishing the resistance and susceptible spinach
genotypes and characterizing the race identity of an
isolate in a more resource-efficient approach.

As part of the study, the detached leaf assay also was
used effectively to maintain the obligate pathogen
through multiple infection cycles only on detached
leaves. Disease response on detached leaves of the spin-
ach differential cultivars inoculated using Pfs main-
tained solely on the detached leaves of a susceptible
cultivar showed a complete match with the inoculum
produced on whole plants. This indicates the potential
use of detached leaves as a viable “in vitro” option to
maintain, propagate, and store elite isolates of the
downymildew pathogen. Detached leaves onwater agar
have been used in a similar way to maintain and store
the quinoa downy mildew pathogen Peronospora
variabilis (Testen et al. 2014).
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Although the detached leaf assay using Petri dishes
with water agar was robust, a larger format detached leaf
assay was also evaluated. A large electrophoresis gel
tray format containing 2% water agar was sued. The
larger scale format could accommodate the detached
leaves of multiple genotypes. A complete correspon-
dence in the disease response was observed between
the detached leaf assay in the gel tray format and the
whole plant. The gel tray format had some advantages
over the Petri dish format in that large multiple leaves of
genotypes could be evaluated under the same conditions
in a single inoculation setting, further reducing the time
and resources needed for the Petri dish assay.

The use of a robust detached leaf assay has some
significant advantages over the whole-plant assay. The
rapid emergence of new Pfs races has increased research
focus on downy mildew disease studies and downy
mildew resistance breeding efforts in spinach. A reli-
able, accurate, and efficient disease screening method
for the downy mildew pathogen on spinach to charac-
terize race-phenotypes could be an advantage for race
typing of a larger sample of isolates from a field, from a
given cultivar, or a region. Knowledge of what race or
races are prevalent in a given area in real-time is critical
for the development and deployment of effective resis-
tance to the downy mildew pathogen. In addition to
reducing the resources needed for screening, the de-
tached leaf inoculation method also allows evaluating
a single plant for resistance against multiple races of the
spinach downy mildew pathogen, and it allows for a
larger number of genotypes to be screened for resistance
with reduced resources. This method is especially rele-
vant to the spinach industry since the rate of appearance
of new races of the pathogen has dramatically increased
in the last fifteen years (Feng et al. 2018), likely as a
result of asexual variation (Lyon et al. 2016) and sexual
recombination (Kandel et al. 2019; Lyon et al. 2016)
within the pathogen population.

Although not a direct part of this study, the detached
leaf assay could also be used to provide a method to
improve our understanding of the epidemiology of the
spinach downy mildew pathogen by examining a wide
range of variables, including sporangiospores viability,
genetic diversity, oospore production, and population
structure. Initial studies have shown that there is consid-
erable diversity of the spinach downy mildew pathogen
on a regional scale (Lyon et al. 2016). Recently, the
detached leaf assay has been used to examine genetic
crosses of Pfs arising from individual oospores of the

pathogen and that this may, in turn, help to discern the
population genetics and evolution of new pathotypes or
races of the pathogen (Dhillon et al. 2020).

This is the first report to present a comparative eval-
uation of a downy mildew response on a set of spinach
differential cultivars using a detached leaf assay and the
standard whole plant assay. An efficient, reliable, and
non-destructive (for mother plants) assay that can reduce
labor and resource inputs will allow for the race charac-
terization of a larger number of isolates from a given
area and will also allow for the simultaneous screening
of many spinach genotypes for resistance. This study
presents that the detached leaf assay reflects the equiv-
alent downy mildew disease response compared to the
standardwhole plant inoculation assay, and the detached
leaf assay could be used to screen spinach cultivars for
resistance to downymildew, and the assay could be used
to maintain and propagate downy mildew pathogen.
Based on the resistant reactions of the differentials with
multiple Pfs races, the data would indicate that the
detached leaf disease reactions and the expected reac-
tions from the genotypes with the various resistance
genes in the field would completely coincide. Detached
leaf inoculation assays have proven to be valuable in
several other host-pathogen systems, including taro late
blight (Brooks 2008), downy mildew in grapes (Boso
and Kassemeyer 2008), and late blight in Solanum
species (Vleeshouwers et al. 1999). Reduction in space
requirements, ease of management, and lower inoculum
requirements make the detached leaf inoculation tech-
nique a more attractive option in plant disease studies,
including with the spinach downy mildew. In spite of
some practical challenges of the detached leaf assay, this
method shows the potential to increase our understand-
ing of the epidemiology of the spinach downy mildew
pathogen, the genetics of resistance, and accelerate the
efforts to breed for resistance to this economically im-
portant pathogen.

Conclusion

In this study, the detached leaf assay was optimized,
standardized, and validated in a set of spinach differen-
tial cultivars. Equivalent disease response on whole
plants and detached leaves was obtained for multiple
races of Pfs on 2% water agar media in the Petri dishes
and the gel tray format. This report showed that the
detached leaf assay offers a reliable and robust method
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to differentiate downy mildew resistance response of
spinach differential cultivars. The Pfs pathogen could
also be maintained solely on detached leaves and with
no variation in disease responses compared to inoculum
maintained on whole plants. For the obligate Pfs patho-
gen, the ability to handle and propagate pathogens on
the detached leaves could help to generate pure cultures
and to avoid cross-contamination. The detached leaf
assay can be particularly helpful in an effort to charac-
terize the resistance of a single plant to multiple races of
the downy mildew pathogen.
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