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Abstract

In 2014, Phytophthora root rot was identified as a serious problem in nursery
plants grown for habitat restoration in California. To support efforts to produce
restoration nursery stock free of Phytfophthora species, we developed a stan-
dardized leachate baiting method that can be conducted by nursery staff. Each
plantin an array of up to 42 container-grown nursery plants is irrigated six times at
15-min intervals with a standardized water volume. Irrigation leachate is collected
in a specialized vessel containing a green (unripe) pear bait. Test sensitivity was
assessed using arrays of Phytophthora-free plants containing varying numbers
of plants from which Phytophthora had previously been baited. The percentage of
tests with Phytophthora detections increased as the proportion of infested plants
in the array increased. In tests of individual inoculated plants, Phytophthora de-
tection from a given plant varied over time, especially for less susceptible hosts.
This variability likely limits test sensitivity in arrays with few infested containers.
Direct probability and Monte Carlo simulation models showed that testing two to
three arrays per block and 20 to 40 plants per array provided the greatest in-
creases in detection probability for blocks of 200 to 1,000 plants in which 1 to
5% of the plants were infected. Random sampling had lower detection success
than sampling biased to increase the odds of selecting infected plants. Results of
extensive testing at a case study nursery were consistent with model predictions.
The leachate baiting method has wide applicability for detecting and identifying
Phytophthora species in nursery stock.

Keywords: container plant nursery, irrigation leachate, Monte Carlo simulation,
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Infected nursery stock is a well-known pathway through which Phytophthora species
have been introduced into cultivated landscapes and natural habitats (Bienapfl and
Balci 2014; Erwin and Ribeiro 1996; Jung et al. 2016; Migliorini et al. 2015; O’Brien
et al. 2009; Weiland 2021). Starting in the late 1990s, the sudden oak death pathogen
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Phytophthora ramorum caused widespread tree mortality in
California coastal forests. This aerially dispersed pathogen was
shown to have been introduced on nursery stock growing near sus-
ceptible forest trees (Cobb et al. 2020; Croucher et al. 2013; Goss
etal. 2011; Griinwald et al. 2012). Invasions of P. cinnamomi and
other soilborne Phytophthora species were subsequently found to
be causing severe losses of native plant species in California habi-
tats with Mediterranean climates (Serrano and Garbelotto 2020;
Serrano et al. 2019; Swiecki et al. 2003, 2011). These introduced
pathogens have severely degraded previously stable natural plant
communities and raised awareness among California land man-
agers of the risks that introduced Phytophthora species pose to
native ecosystems.

Ecological restoration activities in the United States were esti-
mated to produce $9.47 billion in direct economic output during
2014 (BenDor et al. 2015; Kelmenson et al. 2016). As part of
ecological restoration in California, large quantities of nursery
plants are planted into native habitats each year as required com-
pensatory mitigation for habitat destruction and to enhance natu-
ral environments. Most of these plants are grown in nurseries that
specialize in producing plants specifically for habitat restoration,
but native plants grown in ornamental plant nurseries are also
planted in and adjacent to native habitats. In 2014, several large
restoration projects were found to have been planted with nursery
stock infected with root-rotting Phytophthora species, including
P. tentaculata, which had been identified as a high-priority threat
to nurseries and forests by the US Department of Agriculture
(Rooney-Latham et al. 2015). In the same year, nursery-grown
stock of Ceanothus ferrisiae, a rare and endangered California
endemic plant, was planted into a pristine native habitat as part of
a federally mandated multiyear mitigation project. After plants
began to die during the first growing season, it was determined
that nearly all of the nursery stock was infected with P. cactorum.
This pathogen had the potential to spread through the restoration
site and jeopardize the entire mitigation project (Frankel et al.
2020). In these and other California habitat restoration projects,
use of nursery container stock infected with Phytophthora species
has led to poor performance and mortality in plantings, pathogen
spread into adjacent natural vegetation, and expensive remedia-
tion to limit adverse outcomes (Bourret 2018; Frankel et al. 2020;
Rooney-Latham et al. 2019; Sims and Garbelotto 2021; Swiecki
et al. 2021).

As the extent of Phytophthora infection in restoration nurs-
ery stock became apparent, land managers wanted to require
that restoration nursery stock be free of Phytophthora species.
To support that goal, comprehensive Nursery Phytophthora Best
Management Practices (NPBMPs) were developed to exclude
soilborne Phytophthora species during nursery plant produc-
tion. These NPBMPs are the basis for Accreditation to Improve
Restoration (AIR), a program to accredit nurseries that are capa-
ble of consistently producing nursery stock free of Phytophthora
species (Swiecki et al. 2021). A key part of the NPBMPs and the
AIR program is testing stock for the presence of Phytophthora
species at appropriate stages during production and just before
delivery. This required a sensitive, repeatable protocol that could
be conducted by nursery personnel. Testing is necessary because
visual inspections of aboveground plant parts for disease symp-
toms are not effective for detecting plants with Phytophthora root
rot (Bienapfl and Balci 2014; Osterbauer et al. 2014).

Various methods have been used to detect Phytophthora
species in surveys of nursery plants, although the efficiency of
these tests for detecting infection has generally not been reported
(Bienapfl and Balci 2014; O’Brien et al. 2009; Parke et al. 2014;
Rooney-Latham et al. 2019; Sims et al. 2019). The incidence of
infection by Phytophthora species is commonly high in conven-

tional nursery stock (Bienapfl and Balci 2014; Rooney-Latham
et al. 2019; Swiecki et al. 2021). Consequently, the presence of
Phytophthora species can be documented even with inefficient
methods if enough plants are sampled. However, in nurseries
complying with NPBMPs, Phytophthora species should not be
present. Phytophthora detections are rare and exclusively associ-
ated with specific plant blocks in which deviations from NPBMPs
occurred. Such accidental contamination events need to be iden-
tified when infection levels are low so corrective actions (e.g.,
delineation and disposal of infected plant blocks) can be taken
before contamination can spread further.

Current methods available to test for the presence of Phyto-
phthora species did not meet the needs of NPBMP-compliant
restoration nurseries. These nurseries needed to be able to detect a
wide variety of Phytophthora species at relatively low infestation
rates. Testing protocols needed to be scalable to a wide range
of container volumes and plant lot sizes. Restoration nurseries
commonly use containers that range in volume from as little as
19 ml for plug tray cells to 49 liters for large containers. Plant
lots range from fewer than 20 to thousands of containers. Nursery
plant lots produced under contract for restoration are commonly
grown from propagules collected from specific watersheds or
habitats and may include a wide range of both collections and
species.

Under the NPBMPs, detection of Phytophthora species from
a contiguous block of plants triggers destruction of the block
because these pathogens spread readily between adjacent con-
tainers. Because the infection status of individual plants is not
needed, tests that assay multiple plants at once can be used to re-
duce sample processing time. Testing methods that do not gener-
ate false positives were imperative to avoid unnecessary destruc-
tion of clean stock or delays to tight planting schedules resulting
from follow-up testing. Methods that do not require destruction
of tested plants were preferable to avoid the need to propagate
additional plants solely for testing purposes. Finally, test methods
needed to be inexpensive and simple enough that nurseries and
their clients could routinely use them to monitor for Phytoph-
thora.

Phytophthora species have been detected in nursery irriga-
tion runoff (Bienapfl and Balci 2014; MacDonald et al. 1994;
Parke et al. 2014). We initiated tests in October 2015 to deter-
mine whether baiting irrigation leachate from arrays of container
nursery plants could be an effective way to nondestructively test
for the presence of Phytophthora species in blocks of container
nursery plants (Swiecki et al. 2018b). Container-grown nursery
plants are irrigated frequently, which provides consistently fa-
vorable conditions for sporangium production by Phytophthora
species. Baiting only detects living propagules capable of infect-
ing the bait, so the method does not generate false positive results
if Phytophthora presence is confirmed by culturing from baits.
Leachate baiting may be less effective for plants treated with
chemicals that interfere with Phytophthora sporangium produc-
tion or zoospore activity (Shishkoff 2014), but the use of such
chemicals is prohibited under the NPBMPs (Swiecki et al. 2021).

To be practical for use by nurseries, baits needed to be read-
ily available throughout the year and susceptible to most of the
Phytophthora species that could be present. Baits used to de-
tect Phytophthora spp. in nursery plants have included seedlings,
leaves, or fruits of various host plants (Bienapfl and Balci 2014;
Erwin and Ribeiro 1996; Migliorini et al. 2015; O’Brien et al.
2009; Parke et al. 2014; Sims et al. 2019). Unripened fruit of
European pear (Pyrus communis L.) has been used to bait Phy-
tophthora species at least since 1964 (Mclntosh 1964). In Cal-
ifornia and many other parts of the United States, the cultivars
Bartlett and D’ Anjou are available in grocery stores year-round.



European pears are climacteric and are picked in a narrow har-
vest period at a partially ripe stage based on firmness and other
physiological measurements, including the intensity of green col-
oration (Washington State University Tree Fruit 2023). Before
marketing, pears are conditioned by low-temperature storage or
ethylene treatment to enable them to ripen at room temperature,
but ripening is inhibited by refrigeration. When selected care-
fully at purchase, these pear varieties serve as readily available
and highly uniform baits for detecting Phytophthora species.

Phytophthora species vary in virulence to pears and other baits,
so false negative results can occur if baits are not readily in-
fected by the species present. However, more than 50 Phytoph-
thora taxa have been detected using Bartlett or D’ Anjou pears
(Bourret 2018; Frankel et al. 2020). All 15 identified Phytoph-
thora species detected by Rooney-Latham etal. (2019) in root and
crown samples from native plant nurseries using direct isolation
and serological methods also infect pear baits.

An advantage of pear baits compared with leaf baits is that
infections on pears caused by Phytophthora species give rise to
distinctive lesions that expand over time. Lesions caused by many
Phytophthora species on pears are similar in appearance, typi-
cally rounded with indefinite margins, medium to dark brown,
and initially firm. Lesions need to be cultured or otherwise tested
to confirm Phytophthora presence and identify species. Isolations
from lesions can be made onto general purpose agar rather than
semi-selective agar, which is required for leaf baits (Ferguson and
Jefters 1999). Pythium (sensu lato) species and fungi can infect
pears at wounds, but Phytophthora species can cause lesions on
nonwounded pear epidermis.

The objectives of this research were to optimize detection of
Phytophthora species using an irrigation leachate baiting method
and estimate the sensitivity of the optimized protocol. No sys-
tematic testing has previously been reported on use of irrigation
leachate baiting for detecting Phytophthora species in container-
grown nursery plants. Statistical modeling was used to examine
the effects of altering sampling parameters on the likelihood of
obtaining a detection from a block of plants containing one or
more infected plants. The resulting sampling and testing param-
eters were used in a commercial restoration nursery to assess
how testing performed under actual nursery conditions. A simple
but effective leachate baiting method for detecting Phytophthora
species in existing stock could be useful for many sectors of the
container nursery industry.

Materials and Methods

Standard pretest parameters were established to ensure con-
ditions were favorable for detecting Phytophthora zoospores via
baiting. Plant containers received regular irrigation before test-
ing, daily or less frequently depending on temperature and rain-
fall, to favor sporangium production within the containers. Plants
were also tested when root systems were well established in their
containers to provide high root density. No systemic oomycete-
suppressing chemicals were used on tested plants.

The temperature within plant containers was recorded at 5- to
10-min intervals using single-channel temperature loggers with
external temperature sensors (THC-4; Inkbird, Shenzhen, Guang-
dong, China or RC-4; Elitech, Milipitas, CA). Sensors were in-
serted into the center of the root mass of one container per test.

Baits

Pear baits used in all tests were cultivar D’ Anjou or Bartlett
purchased from local retail groceries 1 to 2 days before use and
stored at 4°C. D’ Anjou was used in most tests and was preferred
because it ripens more slowly than Bartlett at room temperature.

Pears were selected to be as unripe as possible based on the in-
tensity of green color and to have few or no visible wounds to
minimize risk of infections by nontarget microorganisms. Before
use, pear baits were gently washed with a dilute detergent solu-
tion, thoroughly rinsed with tap water, and placed in clean water
to assess buoyancy. Although most pears floated, those that did
not were made to float by attaching a piece of clean closed cell
foam (8 to 9 cm?, 0.7 cm thick) with a rubber band.

Test irrigation regime

We and others (Cameron and Carlile 1977; Khew and
Zentmyer 1973) have observed that zoospore release by many
Phytophthora species typically requires at least 20 to 30 min af-
ter a triggering event (e.g., chilling or rinsing with water) and is
complete within 1 to 2 h under laboratory conditions. Based on
this and the time required to irrigate multiple containers, each
tested plant was irrigated six times at 15-min intervals to trig-
ger zoospore release and wash zoospores out of containers. The
irrigation leachate may also include other forms of inoculum, in-
cluding zoospore cysts, chlamydospores, sporangia, and infected
root fragments. Water was applied directly to each container so
that all applied water flowed through the potting mix. Due to
the pretest irrigation regime, potting mix was consistently moist
enough that water began to leach from the containers after the
first irrigation. After the sixth irrigation, leachate was allowed to
drain from the plants for at least 15 min, so the minimum total
leaching time was 90 min.

In initial trials, the headspace in the container, defined as the
space between the potting mix surface and the container rim, was
filled with water at each irrigation (Swiecki et al. 2018b). As the
method was tested on additional container sizes that differed with
respect to headspace and drainage characteristics, it became ap-
parent that water volumes applied to individual containers needed
to be standardized. We compiled data on irrigation volumes used
in successful tests on different container sizes commonly used
in restoration nurseries, including #5 (14.4 liters), #1 (2.8 liters),
and Deepot D40H (0.66 liter) (Stuewe & Sons, Tangent, OR).
The volume of water applied per irrigation in these tests was be-
tween 15 and 20% of the total container volume. The midpoint
of this range (17.5%, about one-sixth of the container volume)
was selected as the approximate target irrigation volume to apply
during each irrigation. We used this to develop standard irriga-
tion volumes (Table 1) in which the total volume of the irrigation
water applied to each container over six irrigations approximated
the container volume.

To apply a uniform irrigation volume to each container, wa-
ter flow from a hose wand was set to a rate that did not cause
excessive splash or fill the headspace in less than one to several
seconds. For small containers, a precise needle valve was used to
adjust water flow delivered through a small-diameter wand tip. Ir-
rigation of each container was timed using an audible electronic
metronome typically set near 60 beats/min (range about 55 to
75 beats/min). The water flow rate and metronome speed were
adjusted to provide a whole number of beats for each irrigation
(Table 2). Water flow rate was calibrated by measuring the water
volume delivered during a given number of beats. If drainage was
slow or headspace was limited, each irrigation was delivered in
two or more increments to prevent water from flowing over the
container rim.

Collecting and baiting container leachate

To conduct a test, an array of container nursery plants was set
on a clean, elevated, mesh-top bench or cart. Benches and other
equipment used for testing were rinsed with tap water to remove
debris, treated with 0.525% sodium hypochlorite solution for at



least 5 min (sprayed to runoff or dipped), and rinsed with tap
water to remove hypochlorite residues before each test. A col-
lection surface made of one to three overlapped sheets of vinyl
flashing (each 0.5 m wide, 1.32 m long, 0.38 mm thick) was sus-
pended under the bench and sloped to drain into a collection vessel
(Fig. 1). Two longitudinally slit sections of thin-walled PVC pipe
(2.54 cm diameter) were slid over the downslope edge of the low-
est sheet and held in place by friction to direct leachate into the
collection vessel (Fig. 1C). Leachate flowed into the vessel over a
strip of vinyl flashing positioned between the PVC pipes to mini-
mize water turbulence in the collection vessel (Fig. 1A to C). For
small containers in racks, a sloped plastic paint tray into which a
drain was installed was used as the collection surface (Fig. 1D). A
single pear bait was placed at the bottom of the collection vessel
before the start of each test.

The insulated 7.6-liter collection vessel (Sport 2 Gallon Cooler/
Jug/Beverage container; Igloo, Katy, TX) (Fig. 1) was a narrow
cylinder (19 cm diameter, 30 cm height), which served to concen-
trate upward-swimming zoospores (Cameron and Carlile 1977)
in a small area near a pear bait floating at the top of the wa-
ter column. With the exception of some tests on arrays of small
containers, the volume of leachate generated during the test ex-
ceeded that of the collection vessel. The collection vessel was
modified to drain this excess water through a vertical PVC pipe
(2.54 cm inner diameter). Water entered the pipe from the top
of an open elbow joint inside the vessel, 7 cm above the bottom
(Fig. 1E). Water flowed out of an elbow joint at the top of the
pipe when the water level in the vessel rose to within 6 cm of
the rim (water depth in vessel 24 cm) (Fig. 1A, C, and E). This

prevented zoospores that had concentrated in the upper part of the
water column from washing over the rim of the vessel. With this
drain configuration, the maximum volume of leachate retained in
the vessel was about 6.7 liters. Temperature of the water in the
collection vessel was monitored using either an analog dial ther-
mometer with a 30-cm stem (82160-12; Vee Gee Scientific, Ver-
non Hills, IL) or a digital IR thermometer (62 Max; Fluke Corp.,
Everett, WA).

Post-test processing of baits

After allowing leachate from the last irrigation to drain into
the collection vessel for 15 min, the drainpipe was tilted from its
vertical orientation to lower the water level in the vessel. Drain-
ing continued until the depth of water remaining in the vessel
was 10 cm. The remaining leachate (about 2.7 liters), the pear
bait, and debris at the bottom of the vessel were transferred to a
3.8-liter plastic zip-close bag supported in a container (Fig. 1F).
Bags were closed during transport but otherwise left open to allow
for air exchange. Baits floating in the leachate were incubated at
diurnally fluctuating temperatures (18 to 24°C) for 3 days or fewer
if symptoms became evident earlier (Fig. 1F and G). Removed
baits were rinsed with tap water, placed on paper towels on a lab-
oratory bench at room temperature (18 to 26°C), and observed
for symptom development for 8 days from the start of the test
(Fig. 1H). If potential Phytophthora lesions were observed, pears
were surface disinfested with 0.525% NaOCl for 45 s, and pieces
from lesion edges were cultured on carrot agar (Hansen et al.
2012) modified by using cornmeal agar (BBL, Becton, Dickin-
son & Co, Sparks, MD) in place of Bacto agar. Initial identifica-

TABLE 1

Nursery container volumes and corresponding standardized water volumes applied during leachate baiting tests®

Container Water per irrigation Total irrigation per test

Name Volume (liters) Volume (liters)? Percent of container volume Volume (liters) Percent of container volume
SC7RP 0.107 0.020 18.7 0.12 112
AB35° 0.397 0.070 17.5 0.42 106
D40H® 0.655 0.11 16.8 0.66 101
#1 2.80 0.50 17.6 3.0 106
#5 14.4 2.50 174 15 104
#15 49.2 8.0 16.3 48 98
2 During the test, each plant was irrigated six times at 15-min intervals.
b Stuewe & Sons, Tangent, OR.
TABLE 2

Examples of water flow rates and metronome-based timings used to apply standardized water volumes per irrigation to individual containers when conducting
the leachate test

Irrigation® Metronome timing
Container volume (liters) Volume (ml) Flow rate (ml/s)° Time/container (s)° Beats/min¢ Beats/irrigation®
0.107 20 10.0 2.0 60 2
0.397 70 22.0 32 75 4
0.655 110 22.0 5.0 60 5
2.8 500 83.3 6.0 60 6
14.4 2,500 312.5 8.0 75 10
49.2 8,000 312.5 25.6 75 32

4 Standardized irrigation volume per container applied at each of six irrigations is scaled to container volume, approximately 1/6 of the container volume for
each irrigation.

b Maximum usable flow rates are limited by container volume and the amount of headspace in the container. Irrigation flow rate is controlled using a flow-
regulating valve attached between a hose and the trigger valve of an irrigation wand.

¢ Number of seconds needed to deliver the target water volume per irrigation at the flow rate shown.

4 An audible electronic metronome is used to time the irrigation for each container. The metronome rate (beats per min) is adjusted to generate a whole number
of beats for each container size. If test arrays with different container volumes sizes are irrigated concurrently, the flow rate and metronome speed selected
must be able to deliver each target volume in a whole number of beats.

¢ Number of metronome beats to apply the required water volume at the metronome speed shown.



tion of Phytophthora species was based on cultural morphology.
Cultures were submitted to the California Department of Food
and Agriculture (CFDA) Plant Pest Diagnostics Lab for species
identification by sequencing the internal transcribed spacer (ITS)
rDNA region (Rooney-Latham et al. 2019).

FIGURE 1

Timing of inoculum release during leaching

To determine when inoculum was washed out of containers
using the irrigation regime described above, studies were con-
ducted in which leachate was collected from irrigations 1 +2 (0 to
30 min), 3 + 4 (30 to 60 min), and 5 + 6 (60 to 90 min). Leachate

The leachate baiting method for detecting Phytophthora species from nursery plants growing in containers. A to C, Vinyl sheets
suspended under benches direct water leaching from irrigated plants into a vessel baited with a floating green (unripe) pear. D, For
small containers in racks, plastic paint trays fitted with a drain can be used to direct leachate. A to C, Strips of vinyl sheet or D, PVC pipe
minimize splash and turbulence in the collection vessel. E, The collection vessel drains through a pipe from an intake near the vessel
bottom that C, prevents water from flowing over the vessel rim to conserve zoospores. Multiple tests can be set up to run concurrently;
A, B, and D, up to six test arrays can be irrigated by one person within the 15-min repeat irrigation interval. F, Pears remain floating in
2.7 liters of the collected leachate for 3 days; upper left pear bait was non-buoyant but was floated using a piece of closed-cell foam.
G, Pear baits on the third day in leachate and H, 1 day after removal from leachate (4 days from start of test) show rings of brown

Phytophthora lesions near the water line.
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from each of these three collection periods was separately baited
with a pear bait during the 30-min leaching period and for a
3-day incubation period afterward. Pears were then removed and
observed on a lab bench for an additional 5 days as described
above. The number of Phytophthora lesions that developed on
the pear during each time interval was used as a relative measure
of inoculum density (Matheron and Porchas 2009).

The experiment was conducted six times using plants that were
at least 1 year old. Four experiments were conducted using sin-
gle infected plants. The experiment was conducted twice using a
single Arctostaphylos uva-ursi plant (D40H container, 0.66 liter)
that had been inoculated with zoospores of both P. cinnamomi and
P. niederhauserii 252 days before the first test. The experiment
was also conducted with two Juniperus chinensis ‘Pfitzeriana’
plants grown in 2.8-liter (#1) containers. When purchased, one
plant was infected with P. cinnamomi and the other was in-
fected with both P. cinnamomi and P. niederhauserii. Each plant
was tested once. The experiment was also conducted twice us-
ing Ceanothus thyrsiflorus plants in 14.4-liter (#5) containers.
Those tests were conducted using a test array, defined as a set
of plants irrigated within the same 15-min intervals and from
which all leachate was collected together (Fig. 1A, B, and D). The
C. thyrsiflorus test array consisted of 14 noninfected plants and
one plant that was infected by P. cactorum when acquired.

Timing of bait infection

To determine if pear baits became infected during the 1.5-h
irrigation period and/or the subsequent 3 days of incubation in
the collected irrigation leachate, separate pear baits were used for
each of these periods. Pear baits placed in the collection vessel at
the start of leachate tests were removed at the conclusion of the
leaching period (15 min after the sixth irrigation), placed directly
into a closed plastic bag to maintain high humidity, and incubated
at 18 to 24°C (night/day). After 24 h, baits were removed from
bags, allowed to air dry on paper towels, and observed for an
additional 7 days. To bait leachate after irrigation ended, the water
in the collection vessel was drained to 2.7 liters 15 min after the
sixth irrigation as described above. The leachate and debris at the
bottom of the vessel were transferred to a clean 3.8-liter plastic
bag containing a second pear bait. The second bait remained in the
collected leachate for 3 days before being removed and observed
for an additional 5 days, as described above. This experiment was
conducted five times using plants at least 1 year old in 2.8-liter
(#1) containers. These plants were infected when obtained from
nurseries. One experiment was conducted with a three-plant test
array consisting of one Arctostaphylos patula plant infected with
P. cambivora and two noninfected plants. The remaining four
experiments were conducted with test arrays of 20 or 42 plants
that included one Juniperus sabina ‘Tamariscifolia’ infected with
both P. cinnamomi and P. niederhauserii. The remaining plants
in the arrays were noninfected, as described below.

Leachate method test sensitivity for multi-plant arrays

To determine the practical limits of detection in test arrays
containing a low percentage of infected plants, we conducted
a series of experiments in which the numbers of containers with
Phytophthora source plants (defined below) and noninfested turf-
grass were varied to produce test array infection rates (TAIRs)
ranging from 2 to 33% in arrays of 3 to 49 containers. The TAIR
is defined as the number of containers with Phytophthora source
plants divided by the total number of containers in the test ar-
ray. Most tests were conducted for a 2.4 to 5% TAIR, which
corresponds to one Phytophthora source plant in 42 to 20 plants,
respectively. All plant containers in each test array were the same
size.

Tests were conducted over several years on plants maintained
in a lathhouse on wire mesh benches in Davis, CA, which has
a Mediterranean climate with a hot, dry summer and cool, wet
winter. Over this period, monthly average high/low air tempera-
tures were 35/15°C in August and 13.9/3.3°C in December, with
an overall daily maximum of 43.3°C and minimum of —2.7°C.
The rootzone temperature of a representative container plant was
recorded at 15-min intervals using a single-channel temperature
logger with an external temperature sensor as described above.
Plants were irrigated up to two times daily during summer and
two to three times weekly during winter, depending on rainfall
and temperatures. Rainfall was variable but common between
November and March; 25 mm or less occurred in the months
of September, October, April, and May, and none occurred from
June through August.

Phytophthora source plants were plants in containers that were
used as sources of Phytophthora inoculum in these tests. All were
at least 1 year old. Phytophthora source plants that were infested
or infected with one or more Phytophthora species at the time
they were acquired from nurseries were used in about half of the
test arrays (Table 3). Phytophthora species associated with these
plants were identified by using pears to bait leachate from indi-
vidual plants or by placing a pear bait in a depression in the top of
the potting mix and flooding the container for 24 h. Phytophthora
species were isolated from lesions that developed on pear baits,
and isolates were identified as described above. Phytophthora
source plants used in the remaining test arrays (Table 3) were in-
oculated with zoospore suspensions of identified Phytophthora
isolates as described below.

Noninfested containers used in the test arrays were filled
with pasteurized potting mix seeded with a Lolium multiflorum—
Festuca arundinacea turfgrass mix. These grasses have not
been reported as hosts of any Phytophthora species (Farr and
Rossman 2023). Turfgrass roots stabilized the potting mix to pre-
vent it from washing out of containers during repeated irrigations.
Grass was clipped periodically to maintain a height of about 10
cm above the potting mix surface. Turfgrass controls were main-
tained away from Phytophthora source plants to prevent possible
splash contamination.

For these multi-plant test arrays and the single-plant tests dis-
cussed below, we isolated from lesions that developed on pear
baits after each leachate baiting test. Morphological characteris-
tics of isolates were used to confirm that the Phytophthora species
recovered matched those previously identified in the Phytoph-
thora source plants.

Detection of Phytophthora species in single-plant tests

To characterize the variation in inoculum production by indi-
vidual infected plants over time, we also conducted individual
leachate tests on single plants 4 to 312 days after inoculation.
One- to two-year-old plants of 10 species grown in 397- or
655-ml containers (AB35 and D40H, respectively; Stuewe &
Sons) were inoculated with one (or rarely two) of nine Phytoph-
thora species as described below. For each inoculation date and
method, four replicate plants were used for each combination of
plant species and Phytophthora species, except in a few instances
(Fig. 2). Pathogenicity had been previously demonstrated for 2
of the 19 host-pathogen combinations in these tests: P. cactorum
on Quercus agrifolia (Mircetich et al. 1977) and Heteromeles
arbutifolia (Keim et al. 1976). Q. lobata was moderately resistant
to stem inoculation with P. cactorum (Smith 1937). Irrigations
were applied to each container using a calibrated beaker. Because
the total volume of leachate from these containers was small
(Table 1), all leachate from each plant was collected directly in
a 1-liter plastic vessel containing a pear bait.
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Days after inoculation

Days after inoculation

Phytophthora detections from single containers tested with the leachate baiting method at various times after inoculation. Each row
represents an individual plant tested one or more times; row labels indicate plant species or type of plant-free control, Phytophthora
species, and container number for multiple plants inoculated on the same date. A second set of plants inoculated with the same
Phytophthora species using the same method on a different date is denoted by a suffix (0.2). Suffix -BR denotes inoculations
conducted on bare root systems in zoospore suspensions. For all other plants and plant-free controls, zoospore suspensions of
Phytophthora species (10° zoospores total) were added to water-saturated potting mix. Plant abbreviations: AU = Arctostaphylos
uva-ursi, CF = Ceanothus ferrisiae, DX = Diplacus hybrid, HA = Heteromeles arbutifolia, JX = Juncus xiphioides, LF = Lyonothamnus
floribundus ssp. aspleniifolius, QA = Quercus agrifolia, QL = Q. lobata, RM = Ribes malvaceum, SG = Salvia greggii. Phytophthora
species: CAC = Phytophthora cactorum, CAM = P. cambivora, CRY = P, cryptogea, CIN = P. cinnamomi, HED = P. hedraiandra, KEL =
P. kelmanii, NIE = P, niederhauserii, PIN = P, pini, THE = P. taxon thesauri. Plant-free controls: HTmix = Heat-treated potting mix
moistened with water before zoospores were added, Amix = Heat-treated potting mix “aged” by irrigating with leachate from 2-year-old
Phytophthora-free plants for 2 weeks before zoospores were added. Days after inoculation columns are the number of days (grouped
in ranges) between inoculation and leachate tests. The isolation column indicates whether the inoculated Phytophthora species was
recovered by isolation from roots after the last baiting test or when the plant died. Replicates 1, 2, and 4 of QL-CAM had no detections
by baiting or isolation and are not shown or included in data analyses.



Root isolations were made after the final leachate test for sur-
viving plants or at the time that the plant shoot died. From each
plant, eight symptomatic 1-cm-long root pieces 1 mm in diame-
ter or less were selected based on symptoms, surfaced disinfested
with 0.525% NaOCl, and placed individually under a flap of epi-
dermis of a surface-disinfested pear (two rows of four flaps per
pear). Inoculated epidermal flaps were closed by wrapping with
Parafilm. Resulting lesions were cultured to confirm the Phytoph-
thora species present.

Inoculation methods. Inoculum was produced by placing
mycelium from the margins of actively growing agar cultures un-
der flaps of epidermis cut into green, surface-disinfested D’ Anjou
pears. Inoculated flaps were covered with Parafilm. Once le-
sions had expanded, zoospore suspensions were made by floating
7-mm-diameter disks of infected pear epidermis on water in Petri
plates that were incubated at room temperature (18 to 26°C) until
sporangia formed (usually 2 to 7 days, depending on species).
Zoospore release was triggered by chilling plates at 4°C for
15 min. Resulting zoospore suspensions were filtered through
450-um mesh polyester fabric and quantified with a hemocy-
tometer. Plants in 397-ml (AB35) containers were inoculated in-
dividually by placing each one in an 800-ml vessel and adding
activated charcoal-filtered water to a depth of 2 to 4 mm above the
potting mix surface. Approximately 10° zoospores (12 to 29 ml
depending on zoospore concentration) were applied to the water

surface over the potting mix with a syringe. The container was
then lifted halfway out of the water to allow the surface water to
drain into the potting mix, and an additional 30 to 40 ml water
was poured on the potting mix surface to move the zoospores
downward. The container was lowered back into the water until
the potting mix was saturated to just below the surface. Contain-
ers remained flooded for 3 to 6 h, after which they were removed
from the water and allowed to drain.

We also inoculated Ribes malvaceum and Quercus agrifolia
plants using a root dip method that avoided adding zoospore
inoculum directly to the potting mix. Each plant was carefully
removed from its container, and potting mix was gently removed
and rinsed from the root systems. The bare root system of each
plant was inoculated separately by submerging it for 5 h in
100 ml of zoospore suspension containing 103 zoospores (103
zoospores/ml). Upon removal from the suspension, each plant
was transplanted into heat-treated potting mix in a clean 397-ml
container.

The plant and Phytophthora species combinations used in
single-plant tests (Fig. 2) included a slow-growing, undescribed
species in clade 1 originally recovered from nursery stock and
designated P. taxon thesauri. After 8 days of incubation, pro-
duction of sporangia and zoospores by this species from floated
pear epidermis was poor, so plants were inoculated by cutting the
floated pear epidermis into small pieces (1 to 2 mm?) and incor-

TABLE 3

Detection of Phytophthora species using leachate baiting on multi-plant test arrays with known test array infection rates (TAIRs)

Test arrays

Phytophthora source plants®

TAIR (%)° Array size Arrays tested  Phytophthora detected (% of tests) ~Container volume (liters) ~Count Host® Phytophthora speciesd
2.0 49 2 0 0.11 1 HA® CAC

2.4 42 4 100 0.11 1 HA® CAC

2.4 42 1 0 0.66 1 LF CAM, HED

2.4 42 2 50 2.80 1 TC CAM, CRY, HED
24 42 2 50 2.80 1 JP CIN, NIE

2.4 42 2 100 2.80 1 JS CIN, NIE

2.4 42 1 0 2.80 1 RO PIN

2.5 40 2 100 0.66 1 HA® CAC

2.5 40 1 0 0.66 1 AU° CIN, NIE

4.8 21 3 100 2.80 1 TC CAM, CRY, HED
4.8 21 3 0 2.80 1 AP CAM, HED

4.8 21 3 67 2.80 1 JP CIN

4.8 21 2 50 2.80 1 IS CIN

4.8 21 3 33 2.80 1 JP CIN, NIE

5.0 20 4 100 0.11 1 HA® CAC

5.0 20 3 100 0.66 1 HA® CAC

5.0 20 2 50 0.66 1 AU° CIN, NIE

5.0 20 2 0 0.66 1 LF® CIN, NIE

6.6 15 3 100 14.40 1 CT CAC

7.0 14 1 100 14.40 1 CT CAC

7.5 40 1 0 0.66 3 AU®, DX¢,LF¢ CIN, NIE

9.5 21 3 67 0.66 2 LF, RO CAM, HED, PIN
10.0 40 1 100 0.40 4 QA® CAC

10.0 40 2 100 0.40 4 RM® CAM

10.0 40 2 50 0.40 4 RM*® KEL

20.0 15 1 100 0.40 3 QA® CAC

20.0 20 1 100 0.40 4 QA® CAC

20.0 20 3 100 0.40 4 RM*® KEL

33.0 3 1 100 2.80 1 AP CAM, HED

% Container with either an infected or infested plant used as a source of Phytophthora inoculum.
b Percent TAIR = (number of Phytophthora source plants/total number of containers in the test array) x 100. Noninfested containers in the test array contained

Phytophthora-free plants.

¢ Plant abbreviations: AP = Arctostaphylos patula, AU = Arctostaphylos uva-ursi, CT = Ceanothus thyrsiflorus, DX = Diplacus hybrid, JP = Juniperus x
pfitzeriana ‘Old Gold’, JS = Juniperus sabina ‘Tamariscifolia’, HA = Heteromeles arbutifolia, LF = Lyonothamnus floribundus ssp. aspleniifolius, QA =
Quercus agrifolia, RM = Ribes malvaceum, RO = Rhus ovata, SG = Salvia greggii, TC = Torreya californica.

4 Phytophthora species used to inoculate source plants or determined by baiting after the plant was acquired: CAC = Phytophthora cactorum, CAM =
P. cambivora, CRY = P. cryptogea, CIN = P. cinnamomi, HED = P. hedraiandra, KEL = P. kelmanii, NIE = P. niederhauserii, PIN = P. pini.

¢ Inoculated plant (10° zoospores per plant).



porating about 0.4 g into the upper 5 cm of the potting mix of each
655-ml (D40H) container. The dilute zoospore suspension from
the plates (<103 zoospores/ml) was also added to the containers
(11 ml/container). Each container was placed in a tight-fitting
plastic bag, and water was added to saturate the potting mix to
the surface. Plants were kept flooded for 24 h and then drained. A
second 24-h flood event was conducted in the same way 13 days
after inoculation.

Plant-free controls. Two types of plant-free controls were
used to assess whether applied inoculum that had not infected
roots could persist in potting mix and contribute to infection of
baits in leachate tests. Stored potting mix that had been heat-
treated at 60°C for a minimum of 30 min was used for the first
set of controls. Containers with heat-treated potting mix were
thoroughly irrigated with tap water and allowed to drain before
suspensions containing 10’ zoospores were added as described
above.

Although the stored heat-treated potting mix in these controls
was not sterile, it would have had low populations of microor-
ganisms at the time of inoculation. In contrast, plants used in
single-plant tests were at least 1 year old when inoculated, and
the containers would likely have been populated with a diverse
mix of microorganisms. To mimic this situation, a second type of
plant-free control was used. These “aged” plant-free controls con-
tained heat-treated potting mix to which irrigation leachate from
2-year-old container plants known to be free of Phytophthora
was applied on alternate days over a 2-week period. Suspensions
containing 10° zoospores were then added as described above.

Statistical analyses

Nonparametric recursive partition analyses were conducted us-
ing the partition platform in JMP (version 9.0, SAS Institute)
to explore relationships between detection of Phytophthora spp.
and various interacting explanatory variables in multi-plant and
single-plant tests. Logistic regression was used to assess the ef-
fects of temperature and other continuous variables on the detec-
tion of Phytophthora species in these tests. Boschloo’s uncondi-
tional exact test for proportions in 2 x 2 tables (R package Exact,
version 2.1) was used to test for significance of differences in
proportional data.

Statistical modeling of sampling scenarios

Detection probability function. Data from the multi-plant
test arrays were used to develop an estimated detection proba-
bility function for the detection of Phytophthora species in test
arrays with differing percentages of infected plants. A logistic
model was fitted using the GLM function in R. The lower bound
of the curve (0% detection) was set at a 2% TAIR, the lowest level
tested. The upper bound was based on the assumption that Phy-
tophthora will be detected more than 99% of the time when all
plants in a multi-plant test array are infected (100% TAIR). This
function was used to model detection probability for different
sampling strategies.

Statistical models. Direct probability and Monte Carlo simu-
lation models were developed to investigate interactions between
the test array size, number of arrays, block size (where block is
a discrete population of plants being tested), block infection rate
(number of infected plants/total number of plants in block), and
sampling bias. For the unbiased (random) sampling condition,
models assumed that the number of infected plants in a given
test array followed a hypergeometric distribution with parame-
ters corresponding to the block size, block infection rate, and
array size. For the biased sampling condition, Wallenius’ non-
central hypergeometric distribution was assumed. This is an ex-
tension of the hypergeometric distribution that includes an odds

ratio parameter controlling the relative weights of the sampled
units (plants). The weights were used to model intentional bias
toward sampling infected plants. For example, at a 2:1 bias ratio,
a given infected plant present in the block was twice as likely to
be selected for the test array relative to a given noninfected plant.

Direct probability models. For single tests (array count = 1),
the probability distributions of TAIR values generated by random
or biased sampling without replacement were calculated based
on fixed values of array size (20 or 40), block size (100, 500, or
1,000), block infection rate (0 to 25%), and sampling bias (1:1
[random sampling], 2:1, 5:1, or 10:1). The detection probability
function was then used to calculate the detection probability for
each resulting TAIR value.

Monte Carlo simulations. Monte Carlo simulations were
used to compare the added effect of running multiple tests (ar-
ray count > 1) on a block of plants. Simulations used sampling
without replacement at various bias levels (1:1 [random sam-
pling], 2:1, 5:1, 10:1), block sizes of 200 and 1,000 plants, and
block infection rates of 1 to 5%. First, the test arrays were popu-
lated with infected and noninfected plants from the block using
either random or biased sampling from the hypergeometric dis-
tribution corresponding to the bias level. Phytophthora detection
from a test array was assumed to follow a binomial distribution
with success probability determined by the TAIR from the detec-
tion probability function. The binomial distribution based on the
TAIR was randomly sampled to generate the detection outcome
for each test array. A detection was scored for a set of multi-
ple arrays if a detection occurred in at least one array of the set.
For each combination of variables, 10° arrays or sets of arrays
and their corresponding detection outcomes were simulated to
minimize Monte Carlo error.

Case study

To test model performance under actual nursery conditions,
we designed and executed a testing plan based on the results of
model predictions for a temporary nursery that was producing
approximately 34,500 container plants under contract for a sin-
gle large project. The nursery, with about 870 m? of growing
area, was established 3 years earlier over turf and concrete ad-
jacent to a vacant office building where the risk of preexisting
contamination by soilborne Phytophthora species was low. The
plant stock included 53 plant species native to California in 10
different container sizes that ranged in volume from 49.2 (#15)
to 0.164 liters (SC10R, Stuewe & Sons), including some species
in more than one container size. Plants were in 96 blocks, defined
as contiguous groups of one plant species in a single container
size that originated from the same propagation batch and had a
common risk profile with respect to potential for contamination
after planting.

The nursery was aware of the NPBMPs and made some efforts
to comply with them, but the degree of NPBMP compliance var-
ied among blocks. The potting mix used was not heat treated, and
efforts to sanitize reused containers were unlikely to have been
fully effective. A few of the plant blocks had also been acquired
from other noncompliant nurseries. The nursery did not report
any use of chemicals that would suppress Phytophthora species.

To assess the prevalence of Phytophthora species on container
stock in the nursery, we conducted 128 leachate tests on plants
by block. With limited time and budget to conduct testing, we
developed a plan to test as many blocks as possible but mini-
mize testing of some species, primarily grasses, which had not
been shown to be Phytophthora hosts in previous testing. Test-
ing older plants, mostly in larger containers, was prioritized be-
cause they had more opportunities to become infected over time.
Most of the larger stock was maintained on wooden pallets about



12 cm above ground level. This practice is not permitted under
the NPBMPs due to the high potential for contamination from
water splashed from the ground during overhead irrigation or
rainfall. Eight blocks were small enough that all plants in each
block were tested. For other blocks, ranging from fewer than
100 to over 2,000 plants, sampling was used to select plants for
testing. Blocks spanning larger areas were divided into smaller
sub-blocks to spatially stratify sampling. Sampling was biased
to include plants with symptoms that could be related to root
disease, including wilting, leaf scorching, stunting, off-color, or
poor growth. In blocks that showed no apparent symptoms, plants
were selected based on whether their position could increase their
risk of contamination (e.g., adjacent to an aisle or other blocks).
Once Phytophthora was identified within a block through test-
ing, later tests were also biased to include plants close to infested
blocks.

Because a Phytophthora detection from a single test triggered
the destruction of the tested block, we conducted multiple tests
on a block on different dates where feasible. If Phytophthora was
detected in a test from the block, subsequent planned tests were
omitted. Because concurrent sets of test arrays were grouped
by container size to simplify irrigation, it was sometimes more
efficient to test multiple arrays from a given block on the same
day. Testing was conducted over 9 days between late May and
mid-August 2021. Due to the proximity of the nursery to the
San Francisco Bay, temperatures over this period were cool to
moderate. Leachate water temperature measured at the end of
tests ranged from 14 to 23°C (mean 17.8°C, SD = 1.84, n = 128).

Baiting of root systems was conducted on dead plants observed
within 10 blocks. Up to 1.5 liters of roots and associated potting
mix from dead plants were placed in a 3.8-liter plastic bag. A
green pear bait was added, and activated charcoal-filtered tap
water was added to a depth of about 2 to 3 cm above the roots and
potting mix. Baits were removed when lesions became apparent
or after 5 days. Baits with no symptoms were observed for at
least 3 more days for possible lesion development. Culturing and
identification of isolates was conducted as described above.

Results

Timing of inoculum release during leaching

In the six experiments conducted to determine when inoculum
was leached from containers, Phytophthora was consistently de-
tected in leachate from irrigations 3 + 4 (30 to 60 min) and 5 +
6 (60 to 90 min) (Supplementary Table S1). Phytophthora was
not detected in leachate from irrigations 1 + 2 (0 to 30 min) in
two of the six experiments. In the remaining four tests, lesion
densities for irrigations 1 + 2 were similar to or lower than those
for irrigations 3 + 4 and 5 + 6. Results from these experiments
supported the collection of leachate from all six irrigations.

Timing of bait infection

In the five experiments that compared bait infection during
and after the leachate period, Phytophthora infections developed
in all pear baits removed from the collection vessel after the
90-min leaching period. All pears added after the leachate col-
lection period and incubated in collected leachate for 3 days also
became infected. Based on these results, baiting during leachate
collection and extended baiting of the collected leachate with the
same pear for 3 days afterward were maintained in the standard-
ized test protocol.

Leachate method test sensitivity for multi-plant arrays
Results from 61 leachate tests conducted with known numbers
of infected plants in multi-plant test arrays are shown in Table 3.

Tests included a variety of hosts, Phytophthora species, container
sizes, array sizes, and TAIRs. Phytophthora was detected more
consistently as the TAIR increased (Table 3). Phytophthora was
detected in 67% of 46 tests with TAIRS from 2 to 7%, all of which
used a single Phytophthora source plant. In most of these tests
(n = 40), the TAIR was between 2.4 and 5%. Phytophthora was
detected in 79% of 14 tests that used multiple Phytophthora
source plants to generate TAIRs from 7.5 to 20%. Isolations
confirmed that the Phytophthora species detected in each test
matched the species known to be in the Phytophthora source
plants.

Many of the factors that could influence detection, including
host and Phytophthora species, array size, container volume, time
since infection, and TAIR, were nonorthogonal in these tests.
In exploratory recursive partition analyses, the TAIR was the
most important explanatory variable associated with detection of
Phytophthora. Phytophthora was detected in 80% of the tests
with a TAIR of 5% or more compared with 55% of tests with a
TAIR of less than 5% (P = 0.042). Within the TAIR of less than
5% subgroup, Phytophthora detection was lower for plants that
were tested at least 60 days after acquisition (for plants infected
in source nurseries) or inoculation. We repeatedly observed that
the leachate test was inefficient at detecting Phytophthora from
entirely dead plants compared with standard baiting of the entire
root system with pear baits for 5 days (data not presented).

No significant relationships were detected between tempera-
ture variables and the detection outcome in these tests. The av-
erage temperature in the center of containers for the 7 days prior
to leachate tests averaged 17.5°C (range 7.8 to 26.1°C, n = 36)
in tests where Phytophthora was detected compared with 16.6°C
(range 7.8 to 23.9°C, n = 21) for tests with no detections. Only
the TAIR was a significant predictor of the Phytophthora detec-
tion outcome at a P value less than 0.05 in multivariate logistic
regression models that also included 7-day pretest temperature,
days after inoculation or acquisition, container volume, and sev-
eral other tested predictor variables.

Detection of Phytophthora species in single-plant tests

In repeated leachate tests on individual inoculated plants, Phy-
tophthora detection varied over time (Fig. 2). Phytophthora was
detected in 64% of the 331 single-plant leachate tests. Even
among plants inoculated on the same date, tests resulting in detec-
tions were not synchronous, and the duration between skips in de-
tection varied widely. Phytophthora detection generally became
more variable over time. Phytophthora was detected in 70.4% of
tests (n = 267) conducted from 4 to 71 days after inoculation but
in only 39.1% of tests (n = 69) conducted at least 104 days after
inoculation (difference between proportions P < 0.0001).

Phytophthora species were detected more consistently in
single-plant tests on highly susceptible hosts. Ceanothus ferrisiae
was highly susceptible to P. cactorum and P. cambivora; 4 of 4
and 1 of 4 plants died within 35 days of inoculation, respec-
tively. C. ferrisiae plants inoculated with either P. kelmanii or
P. taxon thesauri also developed substantial root rot and some
stunting but did not die or develop obvious shoot symptoms over
the postinoculation period (69 and 203 days, respectively). Over-
all, these four Phytophthora species were detected in 58 of 62
(93.6%) single-plant leachate tests and reisolated from 14 of 15
inoculated plants.

In comparison, detection rates for leachate tests of inoculated
R. malvaceum were more variable. P. kelmanii was detected in
90% of 40 leachate tests and was isolated from all eight inocu-
lated R. malvaceum plants (Fig. 2). Compared with P. kelmanii,
P. cactorum and P. cambivora were detected less frequently by
leachate baiting (60% of 20, P = 0.013, and 46% of 24 tests,



P < 0.001, respectively) and isolation (1 of 4 for both). R. mal-
vaceum plants inoculated with P. kelmanii developed severe root
rot, stunting, chlorosis, and leaf drop. Symptoms were most se-
vere in plants inoculated using the zoospore dip method. Root rot
severity was somewhat lower in R. malvaceum inoculated with P.
cactorum and even lower in plants inoculated with P. cambivora.

The lowest overall Phytophthora detection rate in single-plant
tests was for Q. lobata (37.2%, n = 78). In tests conducted be-
fore winter dormancy (up to 35 days postinoculation), the overall
detection rate for inoculated Q. lobata was 55.8% (29 of 52).
We were unable to reisolate any of the inoculated Phytophthora
species from Q. lobata in attempts made 137 to 189 days after
inoculation (Fig. 2).

Based on recursive partition models, host species, days since
inoculation, and Phytophthora species within host were the best
predictors of Phytophthora detection by single-plant leachate
baiting. As with multi-plant tests, temperature variables were not
significant predictors of detection.

Plant-free controls. The applied Phytophthora species were
detected from all plant-free containers with potting mix 4 days
after zoospore suspensions were added, but detection declined
thereafter (Fig. 2). Phytophthora species were detected more fre-
quently from the heat-treated mix (81% of 21 tests) than from the
aged mix (52% of 33 tests, P = 0.013) in combined results for
leachate tests conducted 7 to 9, 14 to 18, and 32 to 43 days after
inoculation.

Compared with inoculated plants, plant-free controls showed
a more rapid and consistent decline in Phytophthora detection by
baiting. At 32 to 43 days after zoospore application, the applied
Phytophthora species were detected in 65% of inoculated plants
(n = 54) compared with 33% of all plant-free infested containers
(n = 18) and 18% of the plant-free containers with aged potting
mix (n = 11, P = 0.023 and 0.0047, respectively).

Statistical modeling of sampling scenarios

Given the positive association between the TAIR and detec-
tion probability, varying array size could affect the likelihood of
Phytophthora detection. The TAIR varies in a discrete stepwise
fashion that is a function of test array size and the number of
infected plants in the array (Supplementary Fig. S1). For exam-
ple, one infected plant results in a 10% TAIR in a test array of
10 plants but only a 1% TAIR in a test array of 100 plants. For
a given number of infected plants in the test array, smaller ar-
ray sizes have a greater TAIR and consequently higher detection
probabilities. However, in opposition to this effect, small test ar-
rays have a lower probability of including at least one infected
plantif the tested block has few infected plants. This disadvantage
may be countered by testing multiple arrays per block to increase
the chance that at least one array will have one or more infected
plants. Modeling was used to evaluate how varying these test
parameters affected overall testing efficiency (positive tests/total
tests run on blocks with Phytophthora) for varying block sizes
and block infection rates.

Direct probability models. For a single test array selected
from a block of plants, Phytophthora detection probability was
calculated directly using the estimated detection probability func-
tion (Fig. 3). Curves from blocks of 100, 500, or 1,000 plants were
similar; data for 500-plant blocks are shown in Figure 4. Com-
pared with random sampling (bias 1:1), biasing plant selection
to preferentially select infected plants increased detection prob-
ability, with greater benefit seen at bias ratios of 5:1 or higher
(Fig. 4). The detection advantage related to biased sampling (bias
A) was greatest for block infection rates of less than about 10%.
As block infection rates increased, bias A decreased because one
or more infected plants were likely to be included in the test ar-

ray even with random sampling. For all block sizes, detection
probability was greater for an array size of 40 compared with 20
due to the likelihood that at least one infected plant would be in-
cluded in the larger array. For the same reason, the smaller array
size (20) showed greater benefit from sample bias. The model
indicates that irrespective of array size, biased sampling is more
efficient than random sampling for detecting Phytophthora for
block infection rates up to at least 25%.

Monte Carlo simulations. Monte Carlo simulations were
used to compare the added effect of testing multiple arrays from
ablock of plants. As expected from the direct probability models,
Monte Carlo models showed that Phytophthora detection prob-
ability increased with increasing block infection rate and sam-
pling bias in both large (1,000) and small (200) blocks of plants
(Fig. 5). For both block sizes, detection probability was greater
for test arrays of 20 to 40 plants compared with 10 plants. De-
tection generally increased as more arrays per block were tested
(higher array count). However, array counts of two to three pro-
vided a greater relative advantage than four, especially at a 5%
block infection rate and high sample bias levels (Fig. 5). When the
sampling bias ratio was high, most or all Phytophthora-positive
plants were included in the first three test arrays, so testing ad-
ditional arrays did not provide a substantial further increase in
detection probability.

Case study

At the case study nursery, Phytophthora was detected in 16%
of the test arrays overall. Phytophthora species were detected
in 24% of the 46 tested plant species and 20% of 81 tested
blocks. Seven plant species and 16 blocks were not tested. No
Phytophthora species were detected from monocots (14 species)
or ferns (3 species) (Table 4). Phytophthora was detected in 1
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FIGURE 3
Observed (n = 61 tests) and modeled Phytophthora detection as
a function of the test array infection rate (TAIR) for multi-plant
test arrays. Results for tests were grouped for TAIR values of 2.4
to 2.5%,4.8 to 5%, and 6.7 to 9.5% and are plotted at the
midpoints of each TAIR range. Circle areas are proportional to
the number of tests. The black curve is the fitted estimated
detection probability function. Model for TAIR > 0.02 is
P(Detection | TAIR) = logit~'(—0.2804943 + 14.2735191*TAIR),
where logit="(x) denotes exp(x)/[exp(x) + 1]. P(Detection | TAIR)
was set at zero for TAIR < 0.02 and at 1 for TAIR = 1.



of the 12 tested species of herbaceous dicot perennials (Fragaria thora was detected in all three tests (two blocks) of woody dicots
chiloensis). The remaining detections were from semi-woody di- acquired from other commercial nurseries that did not comply
cots (three of eight tested species) and woody dicot shrubs or with the NPBMPs but not on ferns from a noncompliant nursery
trees (seven of nine tested species) (Table 5). Higher detection (two tests on one block).

rates were associated with plant groups considered more likely Plant appearance was not a good predictor of Phytophthora de-
to be infected, primarily woody dicots grown on pallets (12 cm tection, particularly because many herbaceous plants were going
high) within range of water splash from the ground. Phytoph- into summer dormancy. Dead plants were uncommon and limited
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FIGURE 4

Modeled Phytophthora detection probability for test arrays selected from blocks (block size = 500) with 0 to 25% of plants infected by
Phytophthora. Models selected plants using unbiased (random) sampling (red lines) or sampling biased to increase the likelihood of
including infected plants (blue lines). Dashed green lines plot the difference in detection probability (A) between unbiased and biased
sampling. Three sampling bias ratios (2:1, 5:1, 10:1, left to right in each row) at test array sizes of 20 (top row) and 40 (bottom row) are
shown. Bias ratios indicate the likelihood of selecting a Phytophthora-infected plant to include in a test array compared with random
sampling. For example, at bias 5:1, an infected plant is 5 times more likely to be selected for inclusion in a test array compared with
unbiased sampling. Modeled Phytophthora detection probability was calculated using the function shown in Figure 3.

TABLE 4

Results of leachate baiting tests at the case study nursery

Total tested Phytophthora detected
Plant group Location® Blocks? Arrays© Plants Blocks (%) Test arrays (%)
Ferns Pallet 3 4 118 0 0
Pallet 1 2 64 0 0
Monocots Bench 16 18 728 0 0
Pallet 2 2 63 0 0
Herbaceous perennial dicots Bench 5 9 352 0 0
Pallet 14 30 843 7.1 6.7
Semi-woody dicots Bench 7 10 274 14.3 10.0
Pallet 8 14 358 375 214
‘Woody dicots Pallet 23 36 407 39.1 30.6
Pallet! 2 3 45 100 100
Totals
All dicots Bench 12 19 626 8.3 53
Pallet 47 83 1,653 319 229
All dicots Both 59 102 2,279 27.1 19.6
All groups Both 81 128 3,252 19.8 15.6

4 Location where plants were maintained prior to testing: bench = nursery benches, pallet = wooden pallets on the ground.

Y Blocks were contiguous groups of one plant species in a single container size that originated from the same propagation batch. The number of plants per
block varied.

¢ Each leachate baiting test used a single test array of plants.

d Plants that were acquired from other nurseries rather than propagated by the case study nursery.



to 10 of the tested blocks. We conducted 11 root/potting mix bait-
ing tests on a total of 51 dead or nearly dead plants of eight species
removed from these 10 blocks (two tests for one block). Leachate
baiting was conducted on 22 test arrays (570 total plants) chosen
from the remaining plants in these same blocks. No Phytoph-
thora was detected by either test method in four blocks. In 3 of
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the 10 blocks, Phytophthora was detected only by leachate bait-
ing of test arrays. In the three remaining blocks, Phytophthora
was detected by both methods. For these, the same Phytophthora
species were detected by each method in two blocks, whereas
different Phytophthora species were detected by each method in
the third block.
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Phytophthora detection probability modeled by Monte Carlo simulation as a function of test array count (1 to 4) for arrays of 10 to 40
plants at three sampling bias ratios (1:1 [random sampling], 2:1, 5:1), two block infection rates (1%, 5%), and two block sizes (200 [top],
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Overall, Phytophthora was detected in the first array tested in
12 of the 81 tested blocks (Tables 4 and 5). After an initial negative
test, additional test arrays were scheduled for blocks with high
numbers of plants, species that were more likely to be Phytoph-
thora hosts, and/or large containers for which few plants could be
included per array. Only four more Phytophthora-infested blocks
were identified by testing additional arrays per block (Table 5).
Phytophthora was detected in two of the second test arrays from
26 blocks that were negative in the first test. Eleven of the blocks
that were negative in a second test array were tested a third time,
which yielded one additional detection. Phytophthora was de-
tected in one of three blocks tested a fourth time after three nega-
tive tests. All plants in the positive fourth array had been included
in previous negative test arrays. No Phytophthora was detected
in seven test arrays from a block of 680 Diplacus aurantiacus
plants, the only block tested using more than four arrays. This
was a large block of a species known to be susceptible to multi-
ple Phytophthora species (Rooney-Latham et al. 2019; Sims et al.
2019). For 28 blocks, two (or rarely more) arrays from the same
block were tested on the same date to simplify irrigation. In four
of these blocks, Phytophthora species were detected from both
arrays tested on the same day.

Eight Phytophthora species were detected across all tests
(Table 5). P. cactorum was detected most frequently (18 tests),
but three different genotypes were represented based on ITS
sequences (type plus two haplotypes). Multiple Phytophthora
species were detected in both blocks of woody dicots acquired
from other nurseries, with the highest Phytophthora diversity
(five species, with two P. cactorum haplotypes) detected in Cean-
othus maritimus (Table 5).

Lesions caused by Pythium and Phytopythium species can de-
velop at wounds on pear baits, and such lesions were observed on
about 90 (70%) of the leachate test pear baits. Species identified
included Pythium cylindrosporum, Py. intermedium, Py. ultimum,
and Phytopythium vexans. In 47 leachate baiting tests, including
eight Phytophthora-positive tests, the abundance of Pythium and
Phytopythium lesions on pear baits was rated to be extensive

enough to potentially reduce the likelihood of detecting slower-
growing Phytophthora lesions.

In the 9 days of testing conducted at the case-study nursery, the
128 test arrays on 3,252 containers required about 76 h of nurs-
ery staff time, mainly for moving plants, conducting test irriga-
tions, and sanitizing equipment (0.6 h/test, 1.4 min/plant). These
tests also required planning, preparation, selection of plants to be
included in tests, photodocumentation, training and supervision
of participating nursery staff, data collection and entry, cleanup,
sample processing (including isolation, subculturing, and submit-
ting cultures for sequencing), and reporting. These activities were
carried out by a plant pathologist and required 205 h (1.6 h/test,
3.8 min/plant) excluding travel time to the nursery. The sampling
and root baiting of 51 dead plants described above is included
in the overall time but not in the number of containers tested.
Test planning at this nursery required considerable effort, and the
number of Phytophthora detections increased processing time.

In comparison, 47 leachate tests on 1,248 containers were
conducted in 2 days of leachate testing in 2022 at an NPBMP-
compliant nursery that had been previously tested. These tests
required about 18 h of nursery staff time (about 0.4 h/test, 0.9
min/plant) and 37.5 h of time by a plant pathologist (0.8 h/test,
1.8 min/plant). Time requirements were much lower because per-
sonnel at this nursery were already familiar with the test process,
test planning was less complicated, container volumes were 2.8
liters or less, few Pythium lesions developed on pears, and no
Phytophthora species were detected.

Discussion

Improved and consistent detection of Phytophthora in nurs-
ery stock is critical for the production of healthy transplants and
reducing spread of Phytophthora into native habitats. NPBMP-
compliant nurseries have an acute need to be able to detect Phy-
tophthora infestations at the earliest possible stage because the
NPBMPs are based on complete exclusion of Phytophthora from
the nursery. Plants with Phytophthora root rot often lack obvi-

TABLE 5

Leachate baiting test parameters for 16 blocks in which Phytophthora was detected at the case study nursery®

Container Test arrays
Plant species Name Volume (liters) First detection” Plants® Phytophthora species detectedd
Ceanothus maritimus® #1 2.8 First 21 CAC1&2, CIT, MUL, NIC, OCC
Ceanothus thyrsiflorus TP49 1.64 First 27 CAC1
C. thyrsiflorus Block A #15 49.2 First 3 HED
C. thyrsiflorus Block B #15 49.2 Second 3,6 HED
C. thyrsiflorus Block D #15 49.2 First 3 CACt, NIE
Eriogonum latifolium TP49 1.64 Third 32,27,32 CAC1
Fragaria chiloensis AB45 0.71 First 36 CACt
Frangula californica #15 49.2 First 3 HED
Heteromeles arbutifolia TP49 1.64 First 32 CACl1
H. arbutifolia #5 14.4 First 12 CAC1
Lupinus arboreus TP49 1.64 Fourth 32, 30, 30, 30 CAC1
Monardella villosa D16 0.26 Second 40 MUL
M. villosa #1 2.8 First 18 CACt
Morella californica® #15 49.2 First 3 CAC, NIE
Oemleria cerasiformis #5 14.4 First 15 CAC2
Quercus agrifolia TP1018R 17.8 First 10 CAC1

4 Blocks were contiguous groups of one plant species in a single container size that originated from the same propagation batch. The number of plants per

block varied.

b Test arrays from each block were selected and tested sequentially. First detection is the lowest numbered test in the sequence that provided a Phytophthora

detection.

¢ The number of plants in test array. If more than one array was tested before a Phytophthora detection, the number of plants in each array is listed.

4 Phytophthora species detected: CAC = P. cactorum - suffix indicates ITS match to type isolate (t), haplotypes (1,2), or not determined (no suffix); CIT =
P, citrophthora; HED = P. hedraiandra; MUL = P. multivora; NIC = P. nicotianae; NIE = P. niederhauserii; OCC = P. occultans.

¢ Denotes plants that were acquired from other nurseries rather than propagated by the case study nursery.



ous shoot symptoms (Bienapfl and Balci 2014; Migliorini et al.
2015; O’Brien et al. 2009; Osterbauer et al. 2014), especially at
early stages of disease development. In woody or drought-tolerant
species, obvious shoot symptoms such as wilt or dieback may not
develop until a high percentage of the roots are decayed (Balci
et al. 2008; Standish et al. 1982; Swiecki et al. 2018a). Subtle
symptoms that may be associated with early stages of Phytoph-
thora root rot, such as reduced growth or vigor, can also be caused
by other factors and may not be evident in blocks with high in-
fection rates. In both controlled tests and the case study nursery,
Phytophthora was detected in many leachate baiting tests from
plants that were either completely asymptomatic or had only non-
specific symptoms, such as reduced growth or chlorosis.

Overall, Phytophthora was detected in 67% of leachate tests
with a single Phytophthora source plant in multi-plant test arrays
(2 to 7% TAIR) and 66% of single-plant tests. This suggests that
variation in inoculum produced by a single Phytophthora source
plant in a multi-plant array could account for most or all of the
observed variability in Phytophthora detection at a low TAIR
(7% or less). In single-plant tests, detection was less variable in
more susceptible host-pathogen combinations. Across the range
of host-pathogen combinations used in our studies, the success of
Phytophthora detection using leachate baiting was comparable to
that reported for leaf baits (Ferguson and Jeffers 1999; O’Brien
et al. 2009) using different inoculum sources and host-pathogen
combinations.

For some host-pathogen combinations, detection efficiency de-
creased with increasing time after inoculation (Fig. 2). Most of
the zoospores detected by leachate baiting likely arise from spo-
rangia on infected roots. Sporangium and zoospore production
will decrease as these roots die unless additional healthy roots
are available to become infected. Especially in small containers,
the supply of roots with sporangia may fluctuate over time and can
be affected by host susceptibility, resulting in reduced detection
efficiency over time.

Phytophthora species were detected in leachate of host-free
potting mix for more than a month after zoospores were added
(Fig. 2). Zoospore cysts leached from the potting mix may have
been the source of these detections. Zoospore cysts of some Phy-
tophthora species are known to persist in soil for extended periods
(MacDonald and Duniway 1979) and may produce zoospores
by repeated emergence or the production of microsporangia
(Erwin and Ribeiro 1996). Zoospore cysts, along with oospores
and chlamydospores that germinate indirectly, may sometimes be
a source of detectable inoculum in containers even if sporangia
are sparse or lacking at the time of the test.

To detect Phytophthora using methods such as direct isolation
or molecular methods, infected roots or infested debris must be
included in the sample and in the material that is processed for de-
tection. It may be necessary to screen and sample large numbers
of plants to locate those with detectable Phytophthora if only a
small percentage of plants in the sampled population are infected,
especially if the infected plants are asymptomatic. When testing
multi-plant arrays using the leachate test, Phytophthora can be
detected from inoculum derived from any of the plants in the
test array and any portion of the roots and potting mix within the
containers. The ability to assay the entire container contents from
multiple plants in a single test provides a significant advantage for
detecting Phytophthora when few plants are infected. Phytoph-
thora was detected from sets of inoculated nursery plants using
the leachate baiting test at a higher rate compared with sampling
roots and testing by commercial immunoassay strips or direct
isolation on selective media (Del Castillo Munera 2021).

The leachate baiting method has proven to be effective across
a wide range of container sizes. Phytophthora was detected in

single-plant tests of 107-ml containers. These tests generated
only 120 ml of leachate, all of which was captured and baited. At
the opposite extreme, Phytophthora detections were made from
test arrays of six 49.2-liter containers, which generated 288 liters
of leachate. These extremes represent nearly a 2,360 range in
leachate volume and a 2,760 x range in root/potting mix volume.
Up to about 6.5 liters of leachate is retained in the collection ves-
sel during the leachate test, and 2.7 liters are transferred along
with the pear bait for the subsequent 3-day incubation. These vol-
umes represent 2.25 and 0.94%, respectively, of the total leachate
volume from a test of six 49.2-liter containers. These results sug-
gest that scaling of irrigation volume to container size (Table 1)
helps avoid excessive dilution of inoculum, and the design of the
collection vessel (Fig. 1E) is effective at concentrating negatively
geotactic zoospores (Cameron and Carlile 1977) near the floating
bait.

Direct probability (Fig. 4) and Monte Carlo models (Fig. 5)
both showed that detection efficiency is greatly improved by bi-
asing sampling, especially if block infection rates are low. If sam-
pling bias is low, detection efficiency can be maximized by using
larger arrays (up to 40 plants) and multiple test arrays per block.
A test array size of 40 to 42 is close to the maximum practical test
array size due to irrigation time and bench space considerations.
This also represents the maximum array size for which a detec-
tion of a single infected plant was likely based on our empirical
results (Table 3).

As sampling bias and block infection rate increase, increasing
from one to two or three test arrays provided the greatest relative
improvement in the probability of detection (Fig. 5). Monte Carlo
modeling indicated that with the combination of small block size,
low block infection rate, and high sampling bias, “oversampling”
can occur with use of large arrays and high numbers of arrays per
block (Fig. 5, bottom). If sampling is successfully biased toward
selecting infected plants, the first few test arrays are likely to
include most or all of the infected plants in the block. Oversam-
pling can lower overall testing efficiency because more tests are
conducted than are needed to obtain a detection. Oversampling
can be avoided by testing arrays sequentially after previous test
results are known, but this strategy is only practical if tests are
conducted over a period of weeks.

If only a single Phytophthora-infected plant is present in a test
array, the amount of inoculum released by that plant clearly limits
test sensitivity. However, under typical nursery conditions, Phy-
tophthora contamination in most blocks is unlikely to be limited
to a single plant (Bienapfl and Balci 2014; Molnar et al. 2020;
Parke et al. 2014; Rooney-Latham et al. 2019). Many sources of
contamination in nurseries, such as inadequately sanitized con-
tainers or inoculum inadvertently introduced during propagation,
are likely to affect multiple plants within a block rather than a
single container. Even if a single infected plant is initially present
in a block, Phytophthora can quickly spread by water splash be-
tween closely packed containers. If sample biasing based on var-
ious risk factors is successful, multiple infected plants are likely
to be included in most test arrays, increasing the likelihood of
detection.

At the case study nursery, Phytophthora was detected with
leachate tests in 16 blocks. In 12 of these blocks, Phytophthora
was detected in the first array tested. The relatively high detection
efficiency for these blocks could be due to high TAIRs (due to
high block infection rates and/or effective sample biasing) and/or
susceptible host-pathogen combinations that produced high lev-
els of detectable inoculum. The true number of infected plant
blocks at the case study nursery is unknown and could be higher
than the number detected. As with most tests, positive results
from leachate testing are more definitive than negative results.



The leachate test has been used to document the presence of
Phytophthora contamination in multiple nurseries. Due to the
possibility of false negatives, leachate testing is generally not ap-
propriate for attempting to identify noninfected plants, either in
groups or individually, in a generally infested nursery.

Compliance with NPBMPs, rather than testing, provides the
primary confidence that Phytophthora contamination has been
avoided during plant production (Swiecki et al. 2021). How-
ever, testing plays an important role in quality control. Based
on our results, an efficient testing program for quality control
testing in an NPBMP-compliant nursery should include testing
dead or nearly dead plants by destructive root/potting mix bait-
ing or other means whenever such plants are present. Leachate
baiting of test arrays from nursery blocks should initially focus
on generally more susceptible plant groups (e.g., woody dicots)
and any blocks with known risk factors for contamination due
to known or suspected deviations from NPBMPs. For restora-
tion nurseries, higher-risk propagative materials, such as field-
collected cuttings originating close to or in contact with soil
(Swiecki et al. 2021), also have a higher priority for testing. The
leachate baiting test has detected Phytophthora infestations asso-
ciated with unintentional NPBMP deviations or high-risk prop-
agative material in specific plant blocks in NPBMP-compliant
nurseries.

False positive results from tests can be problematic for any
nursery but are not tolerable in NPBMP-compliant nursery pro-
duction in which spurious detections would trigger costly and
unnecessary destruction of stock. Leachate baiting only detects
live and active Phytophthora, so any confirmed detection is mean-
ingful. NPBMP-compliant nurseries routinely treat potting mix,
reused containers, irrigation water, and contaminated surfaces
with heat or chemicals before use to kill Phytophthora propag-
ules that may be present. DNA that may be present in killed
propagules or released into the extracellular medium might be
detectable when highly sensitive molecular methods are used that
do not distinguish between viable and non-viable DNA (Khaliq
et al. 2018; O’Brien et al. 2009). The high sensitivity of molec-
ular methods can be a liability for testing in NPBMP-compliant
nurseries unless the potential for false positives can be eliminated.

Leachate baiting also provides a relatively efficient way to ob-
tain isolates of Phytophthora species present in a nursery. Besides
confirming the presence of active Phytophthora, isolates provide
opportunities to conduct other epidemiologically important stud-
ies. At the case study nursery, three haplotypes of P. cactorum
were identified, suggesting that this species may have been in-
troduced several times through multiple pathways. Furthermore,
P taxon thesauri would not have been identified without obtaining
a culture. It is not distinguishable from P. cactorum based on ITS
sequence alone, even though it differs in growth characteristics
and morphology.

The controlled studies reported here and extensive use of the
leachate baiting test in the case study and many other nurseries
(Swiecki et al. 2021) confirm that this test fulfills the major needs
identified for testing in NPBMP-compliant nurseries. Informa-
tion on how to conduct the test and construct testing apparatus
has been provided via in-person trainings and online with written
resources and videos. Trained nursery personnel have success-
fully conducted all aspects of the nursery testing and post-test
incubation. Because most nurseries lack facilities and expertise
to isolate from lesions on baits, they submit pear baits with sus-
pect lesions to a qualified diagnostic laboratory to confirm the
presence of Phytophthora and identify species. The leachate test
has been an important component in establishing and assessing
the performance of a nursery accreditation program based on the
NPBMPs (Swiecki et al. 2021). This test also has wide appli-

cability to sectors of the nursery industry where Phytophthora
infections are of concern.
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