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SUMMARY. Phytophthora species cause crop losses and reduce the quality of green-
house and nursery plants. Phytophthora species can also be moved long distances by
the plant trade, potentially spreading diseases to new hosts and habitats. Phytosa-
nitary approaches based on quarantines and endpoint inspections have reduced, but
not eliminated, the spread of Phytophthora species from nurseries. It is therefore
important for plant production facilities to identify potential sources of contami-
nation and to take corrective measures to prevent disease. We applied a systems
approach to identify sources of contamination in three container nurseries in Ore-
gon, California, and South Carolina. Surface water sources and recaptured runoff
water were contaminated with plant pathogenic species at all three nurseries, but
one nursery implemented an effective disinfestation treatment for recycled irriga-
tion water. Other sources of contamination included cull piles and compost that
were incorporated into pottingmedia, infested soil and gravel beds, used containers,
and plant returns. Management recommendations include preventing contact be-
tween containers and contaminated ground, improving drainage, pasteurizing
potting media ingredients, steaming used containers, and quarantine and testing of
incoming plants for Phytophthora species. These case studies illustrate how recycled
irrigationwater can contribute to the spread ofwaterborne pathogens and highlight
the need to implement nursery management practices to reduce disease risk.

D
iseases caused by Phytoph-
thora species are among the
most damaging to greenhouse

and nursery-grown horticultural crops
(Jones and Benson, 2001; U.S. De-
partment of Agriculture, 2009). These

pathogens cause damping-off diseases,
root rot, stem cankers, shoot dieback
and foliar blight of annuals, herbaceous
perennials, and woody plants. While
Phytophthora includes soilborne and
aerial species (Garbelotto et al., 2018),
they are water molds, meaning they
require water to complete their life
cycles. Sporangia are formed during
moist conditions, releasing zoospores
that swim throughwater to infect plant
roots, stems, and leaves. Phytophthora
and other plant pathogenic oomycetes
including Phytopythium and Pythium
are common contaminants of green-
house and nursery irrigation systems
(Ivors and Moorman, 2017).

In addition to causing crop losses
in the nursery and reducing plant

quality, Phytophthora species can also
be spread long distances by the nursery
trade, and somepose risks for forests and
other natural vegetation. For example,
the suddenoak death pathogenPhytoph-
thora ramorum was likely introduced to
North America on nursery plants in the
mid-1990s (Goss et al., 2009). In Cal-
ifornia and Oregon, sudden oak death
has killed �35 million forest trees
(Cobb, 2018). Despite quarantines im-
posed on nurseries in California, Ore-
gon, and Washington, P. ramorum was
dispersed across the country with the
nursery trade (Goss et al., 2009). Other
examples of Phytophthora species spread
towildlands by the plant trade includeP.
lateralis, which causes port-orford-cedar
root disease (Hansen et al., 2000), and
P. tentaculata, a pathogen that spread
fromnativeplant nurseries to restoration
sites (Garbelotto et al., 2018; Rooney-
Latham et al., 2015; Sims and
Garbelotto, 2018).

Nursery plant distribution sys-
tems are effective at moving patho-
gens (Jung et al., 2018; Liebhold
et al., 2012). Infected plants may
not show symptoms (Parke and
Lewis, 2007). In addition, some of
the most widely used oomycete-
specific pesticides, such as mefenoxem
and fosetyl-Al, are fungistatic rather
than fungicidal. Application of these
materials can delay the development
of symptoms and prevent pathogen
detection until after plants are ship-
ped. Resistance to mefenoxam has
also developed in many nurseries
(Olson et al., 2013). Once nursery
beds are infested, it is difficult to
eradicate Phytophthora species. Soil
steaming (Schweigkofler et al., 2014)
and soil solarization (Funahashi and
Parke, 2016) are effective but require
large energy inputs or summer fallow
periods, respectively. It is far less ex-
pensive to implement protective mea-
sures preventing disease than it is to
eradicate Phytophthora species once
they have established.

Units
To convert U.S. to SI,
multiply by U.S. unit SI unit

To convert SI to U.S.,
multiply by

0.4047 acre(s) ha 2.4711
29,574 fl oz mL 3.3814 · 10–5

3.7854 gal L 0.2642
2.54 inch(es) cm 0.3937

16.3871 inch3 cm3 0.0610
1 micron(s) mm 1
1 ppm ng�mL–1 1

(�F – 32) O 1.8 �F �C (�C · 1.8) + 32
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For several years we have applied
a systems approach to identify sources
of pathogen contamination within
nurseries (Parke and Gr€unwald,
2012). The system is a modification
of the hazard analysis of critical control
points (HACCP) approach designed
to ensure food safety in food process-
ing facilities. Critical control points
are defined as the best stages in a pro-
duction process at which significant
hazards of contamination can be pre-
vented or reduced. In a nursery, crit-
ical control points for contamination
by plant pathogens commonly in-
clude plants brought in from other
production facilities, potting media
or ingredients, cull piles that are used
for making potting media, recycled
containers, the soil or gravel under
the containers, and untreated irriga-
tion water. Once the source(s) of
contamination is known, nursery
growers can eliminate or reduce the
risk of disease by implementing aman-
agement strategy that targets the
contamination source (Junker et al.,
2016; Parke and Gr€unwald, 2012;
Parke et al., 2014).

In this article, we describe how
we conducted a hazard analysis of
three container nurseries to deter-
mine sources of contamination for
Phytophthora species and show how
our findings can inform management
strategies to eliminate or reduce the
sources of contamination.

Material and methods

SAMPLE COLLECTION, LEAF

BAITING, AND FILTRATION. Hazard
analyses of critical control points were
performed at three container nurser-
ies located in Oregon (Nursery A),
California (Nursery B), and South
Carolina (Nursery C) in Oct. 2017,
Dec. 2017, and June 2016, respec-
tively. Each nursery was surveyed to
locate areas with high disease risks to
allow for thorough sampling of these
areas and surroundings. The types of
samples collected from these nurser-
ies included 1) diseased plants show-
ing symptoms such as dieback, root
rot, shoot blight, leaf lesions, defoli-
ation (Fig. 1A–E); 2) soil, gravel, and
leaf debris from underneath the pots
from a symptomatic area (Fig. 2A–
D); 3) media components such as
potting mix and compost (Fig. 3B);
4) scrapings from used containers to
be recycled (Fig. 3C); 5) plant debris

in cull piles (Fig. 3E); and 6) irriga-
tion water from main sources, reten-
tion reservoirs, and runoff channels
(Figs. 3A and 4A). At least 50 samples
were collected in each nursery. We
used a combination of enzyme-linked
immunosorbent assay–based methods,
culture-based methods, and DNA se-
quencing approaches to detect and
identify Phytophthora species.

Plants exhibiting Phytophthora-
like symptoms on roots or foliage
were tested with Phytophthora on-site
detection kits (Fig. 4C and D), and if
positive, directly plated on Phytoph-
thora-selective media (Parke et al.,
2014) (Fig. 4E). For Nursery A and
B, we used the Phytophthora Rapid
test kit (Pocket Diagnostic; Abing-
don Health, Sand Hutton, UK); for
Nursery C we used the ImmunoStrip
test (Agdia, Elkhart, IN). DNA from
pure-isolate cultures was amplified
using internal transcribed spacer
primers ITS4 and ITSDC6 (details
later in the article) and the nucleotide

sequence of the polymerase chain
reaction (PCR) product was deter-
mined with the Sanger sequencing
method to identify pathogen species.

All sample types (including dis-
eased plants) were baited using pesti-
cide-free leaves of ‘Grandiflorum’
catawba rhododendron (Rhododen-
dron catawbiense) grown in the
Oregon State University research
greenhouses (Fig. 4F). For diseased
plants, either pour-through water
[collected by pouring tap water into
the pot and collecting the leachate
(Swiecki et al., 2018)] or the root
balls placed in a plastic bag and
flooded with deionized water (Fig.
4G) were baited. For other sample
types such as soil, gravel, scrapings of
used containers, media components,
and plant debris, �200 cm3 of mate-
rial was placed in 1-gal plastic bags.
Deionized water (1 L) was added to
these bags for baiting at room tem-
perature (19 to 21 �C). Irrigation
water (1 L) was directly used for

Fig. 1. Diseased plants found at container nurseries in Oregon, California, or
South Carolina: (A) pine (Pinus sp.) mortality, (B) juniper (Juniperus sp.) root rot
(right) compared with healthy plant (left), (C) foliar blight of holly (Ilex sp.), (D)
azalea (Rhododendron sp.) dieback, and (E) bald cypress (Taxodium distichum)
mortality.
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baiting. For baiting, one-half ‘Gran-
diflorum’ catawba rhododendron leaf
was floated in a sample bag for 3 d,
followed by incubation for 7 d more

in damp paper towels. If lesions
formed, up to 10 leaf disks (6 mm
diameter) of lesioned tissue were re-
moved with a hole punch and stored

in bags with silica gel (Ockels et al.,
2007) for future DNA extraction and
identification of all Phytophthora spe-
cies present through Illumina MiSeq
(Illumina, San Diego, CA) sequencing.
Illumina MiSeq is a high-throughput
sequencing platform that allows for
identification of individual species
from a mixed pool of DNA in envi-
ronmental samples.

An additional 1 L of irrigation
water was filtered through 5-mm
mixed cellulose ester membrane fil-
ters (catalogue no. SSWP04700;
EMD Millipore, Billerica, MA) (Fig.
4B) to detect species that could not
be recovered by baiting or culturing;
filters were stored at –20 �C in tubes
containing 950 mL cetyl trimethyl
ammonium bromide (CTAB) buffer
with polyvinyl pyrrolidone (PVP) be-
fore DNA extraction.

DNA E X T R A C T I O N A N D

ILLUMINA MISEQ SEQUENCING. DNA
was extracted from filters using a
modified chloroform/phenol extrac-
tion method (Burke et al., 2006), and
leaf baits using the Synergy 2.0 Plant
DNA Extraction Kit (OPS Diagnos-
tics, Lebanon, NJ). The extracted
DNA was diluted with Tris-EDTA
buffer when necessary to 25 ng�mL–1

and stored at –20 �C. For pure-isolate
cultures, DNA was extracted from
hyphae grown on Phytophthora-
selective media plates using Extract-
N-AmpPlant PCRKit (Sigma-Aldrich,
St. Louis, MO). DNA was amplified
with oomycete-specific primers for
Sanger or Illumina MiSeq sequencing
that allowed us to detect Phytophthora
species as well as species of Phyto-
pythium and Pythium.

For Sanger sequencing, the in-
ternal transcribed spacer 1 (ITS1) re-
gion (>900 bp) was amplified from
the DNA using ITSDC6 (5#-GAGG-
GACTTTTGGGTAATCA-3#) and
ITS4 (5#-TCCTCCGCTTATTGA-
TATGC-3#) primers (White et al.,
1990). PCR was performed with
Phusion High-Fidelity PCR Master
Mix with HF Buffer (New England
BioLabs, Ipswich, MA). The reaction
was carried out as follows: initial de-
naturation at 98 �C for 30 s, 35 cycles
of denaturation at 98 �C for 10 s,
annealing at 60 �C for 15 s, and
extension at 72 �C for 20 s, followed
by a final extension at 72 �C for 5min.
PCR products were visualized on
a 2.5% agarose gel to confirm positive
PCR amplification. Amplified PCR

Fig. 2. Contamination hazards associated with container nursery management
practices: (A) pots on poorly drained surface, (B) puddling of runoff water in the
growing beds, (C) accumulation of plant leaf debris on top of weed cloth, and (D)
pattern of plant mortality may reflect splashing from puddle.

Fig. 3. Contamination hazards involved in container nursery plant production
processes: (A) untreated recycled water, (B) potting mix with standing water, (C)
reused containers, and (D) diseased plants added to cull pile.
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products were cleaned with ExoSAP-
IT PCR Product Cleanup Reagent
(Thermo Fisher Scientific, Waltham,
MA). The cleaned PCR products were
quantified, diluted to the required spec-
ifications, and submitted for Sanger
sequencing, along with 12 pM of
either ITS4 or ITS6 (5#-GAAGG-
TGAAGTCGTAACAAGG-3#) as the
sequencing primer. Sanger sequenc-
ing was performed at the Center
for Genomic Research and Biocom-
puting (CGRB) at Oregon State
University.

For Illumina MiSeq sequencing,
the ITS1 region was amplified using
modified ITS6 (5#-GAAGGTGAA-
GTCGTAACAAGG-3#) and ITS7
(5#-AGCGTTCTTCATCGATGT-
GC-3#) primers. TheNexteraUniversal
adapter sequence (5#-TCGTCGGCA-
GCGTCAGATGTGTATAAGAGA-
CAG-3#) (Nextera DNA Library
Preparation kit, Illumina) was in-
corporated at the 5# ends of both
primers. Up to 50 ng of template
DNA was used for the PCR reaction.
The PCR master mix consisted of
1· reaction buffer, 800 mM dNTP,
3.5mMMgCl2, 0.4 mM of each primer,

and Platinum Taq DNA polymerase
(Thermo Fisher Scientific) enzyme in
25 mL total PCR reaction volume. The
reaction was carried out as follows:
initial denaturation at 94 �C for 2
min, 35 cycles of denaturation at
94 �C for 45 s, annealing at 60 �C
for 30 s, and extension at 72 �C for
1 min, followed by a final extension
at 72 �C for 10 min. PCR products
were sent to CGRB for dual-indexing
with barcodes from the Nextera Index
Kit (Illumina) and library prepara-
tion for high-throughput 250 to
300 paired-end run Illumina MiSeq
sequencing.

SEQUENCING DATA ANALYSES. All
the sequencing data generated for the
three nurseries were analyzed sepa-
rately. Sanger sequencing data were
trimmed at ends to remove noisy
nucleotide bases, and every sequence
was separately queried against the ITS
sequences available in Phytophthora-
ID (Gr€unwald et al., 2011) or the
National Center for Biotechnology
Information (NCBI, Bethesda, MD)
nucleotide database for species iden-
tification using Basic Local Alignment
Search Tool (BLAST).

MiSeq sequencing data were fil-
tered to remove sequences that were
low quality (Phred quality score <30)
and shorter in length (<100 bp). The
remaining high-quality, longer se-
quences were queried against a cus-
tom oomycete reference database
using a megablast search for species
identification (Redekar et al., 2019).
TheBLAST search allowed for a single
best matching (>99% similarity) high
scoring query-subject alignment that
was at least 150 bp long. The BLAST
results were transformed into opera-
tional taxonomic units (OTU) and
assembled in a table where each OTU
corresponded to a unique sequence
that was ‡99% similar to known oomy-
cete species.

The samples were grouped by 10
categories such as main source of
irrigation water, retention water, run-
off water, compost, potting mix, used
containers, cull pile, sand and gravel
from greenhouses, soil and water un-
der the pots, and plant-associated.
Species described within each cate-
gory comprised at least 1% of the total
population.

The Illumina MiSeq approach
based on the ITS1 amplicon cannot
distinguish some closely related spe-
cies. Groups of indistinguishable spe-
cies were classified as ‘‘clusters’’ or
‘‘complexes.’’ Species within a cluster
have identical ITS1 sequences be-
tween the ITS6 and ITS7 priming
sites. Species within a complex have
ITS1 sequences that are identical
along the full length of the ITS1
sequence (Redekar et al., 2019).

Case studies

NURSERY A (OREGON). Nursery
A is a >500-acre wholesale container
nursery in westernOregon that grows
premium woody ornamentals and pe-
rennials for retail garden centers.
Most nursery beds are sloped to im-
prove drainage and covered with 1 to
2 inches of crushed rock, but some of
the older hoop houses are built on
less-sloped beds that have become
clogged with plant debris and are no
longer well drained. The source of
irrigation water is a year-round creek,
supplemented by well or pond water
in summer. All water is filtered and
disinfested with sodium hypochlorite
or calcium chlorite before use in
irrigation. Runoff water is captured
in a series of canals, reservoirs, and the

Fig. 4. Hazard analysis for Phytophthora species in container nurseries: (A) water
being collected from the main source of irrigation water, (B) filtration apparatus
used to filter irrigation water samples, (C) rhododendron plant showing leaf
blight symptoms, (D) rhododendron leaf lesions tested with Phytophthora Rapid
test kit (Pocket Diagnostic; AbingdonHealth, SandHutton, UK; test was positive
for Phytophthora), (E) cleaned boxwood roots before plating on Phytophthora-
selective media, (F) baiting of potting mix with two half leaves of fungicide-free
rhododendron, and (G) sampling of root ball for baiting.
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pond except for occasional overflows
that occur during heavy rain events in
winter (Fig. 5). The nursery produces
its own custom potting media, some
of which incorporate compost made
at the nursery from culled plant ma-
terials. Compost temperatures are
monitored throughout the compost-
ing process. Incoming plants that are
hosts for Phytophthora are tested for
the presence of Phytophthora upon
arrival.

Plants that were symptomatic of
Phytophthora diseases included firs
(Abies sp.), false cypress (Chamaecy-
paris sp.), pine (Pinus sp.), boxwood
(Buxus sp.), andromedas (Pieris sp.),
and rhododendron (Rhododendron
sp.). Symptoms included damping-
off, root rot, crown rot, leaf blight,
dieback, and mortality. A list of plant
pathogen species detected within the
nursery is shown (Table 1). Some
root balls were infested with the Phy-
tophthora cryptogea-complex, the Phy-
tophthora citricola-complex, and
the Phytophthora citrophthora-complex;
Phytophthora lateralis was isolated
from false cypress with crown rot.
Leaf blight and dieback caused by

Phytophthora plurivora (a member of
the P. citricola-complex) were found
on rhododendron.

The main critical control points
in Nursery A were 1) the soil/gravel
beds, which serve as a persistent res-
ervoir of inoculum for infesting sub-
sequent crops; 2) certain batches of
finished potting media; and 3) used
pots where the P. cryptogea-complex,
the P. citricola-complex, and the
Phytophthora parsiana-complex were
widespread. Although high standards
of sanitation were otherwise main-
tained in the cutting room and prop-
agation house, propagation trays
destined for reuse were contaminated
with the P. cryptogea-complex and the
P. citricola-complex; this occurred
despite a policy of steaming trays used
for propagation. The P. citrophthora-
complex was found in association
with false cypress, pine, and rhodo-
dendron; and in soil and water under
the pots. Several plant patho-
genic species (Phytopythium litorale,
Pythium dissotocum-complex, and the
P. cryptogea-complex) were present in
the creek and pond water and were
enriched in the runoff relative to

saprophytic species (Fig. 5). How-
ever, the nursery is doing an effective
job of disinfesting water before ap-
plying it to plants, and so irrigation
water is not a critical control point at
Nursery A.

The nursery should ensure that
potting media and containers, espe-
cially those used for propagation, are
free of Phytophthora species. If com-
post is incorporated in potting media,
steps should be taken to ensure that
temperatures achieved during com-
posting are sufficient to kill patho-
gens. The compost mix must be
turned so that the entire mix reaches
the critical temperature, otherwise
some compost will escape treatment.
Alternatively, media ingredients may
be pasteurized [65 �C for 30 min
(Baker and Cook, 1974)]. In addi-
tion, the nursery should consider
ways to prevent contact between con-
tainer plants and infested ground.
Nursery beds should be sloped to
prevent puddling, and a 3-inch layer
of crushed rock could be added to
prevent direct contact between soil
and containers. Plant debris should
be removed between crops and

Fig. 5. Diagram of the recycling systems for water, media ingredients, and containers in Nursery A (Oregon). Incoming water
from the main source of water is delivered to a retention reservoir. From there it is chlorinated before being applied to plants.
Runoff is collected in a runoff channel and pumped back to the retention reservoir. Not all species of waterborne oomycetes are
plant pathogens. Some are saprophytes. The pie charts illustrate how the relative abundance of plant pathogenic species (green)
was enriched within the nursery compared with the saprophytic species (blue). Used containers are disinfested and reused for
plant production. Media ingredients and potting mixes are also recycled by composting or disinfesting culled materials.
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drainage should be improved in poorly
drained areas. The nursery could so-
larize nursery beds and greenhouses to
disinfest the soil/gravel substrate if it is

feasible to keep these areas free of
plants during a 4-week period during
the summer (Funahashi and Parke,
2016). Nursery A tests host plants

obtained from off-site for the pres-
ence of Phytophthora species; how-
ever, plants should be set aside
for several weeks and tested before

Table 1. Summary of Phytophthora, Phytopythium, and Pythium species detected at critical control points in three nurseries:
Nursery A (Oregon), Nursery B (California), and Nursery C (South Carolina).

(Continued on next page)
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blending plants with existing stock.
Methods for testing plant material for
Phytophthora species are demon-
strated in two online videos (Redekar
et al., 2018a, 2018b). Nondestructive
methods for testing intact root balls
for Phytophthora are available (Ver-
cauteren et al., 2013). Quarantined
plants should not be treated with
oomycete-specific fungicides so that
plants that are potentially infected
may express symptoms. To reduce
sporulation during the monitoring
period, quarantined plants can be
sprayed with film-forming polymers
or surfactants (Peterson et al., 2019).

NURSERY B (CALIFORNIA).Nurs-
ery B is a large, 450-acre nursery in
southern California that produces
plants for distribution through retail
garden centers and national chain
stores. Water conservation is a major
concern at this nursery, which draws
from a reservoir fed by the Colorado

River. Runoff water is collected in
settling ponds and then pumped
through a rapid sand filter to a re-
tention basin for recycling and treat-
ment with chlorine dioxide. Plant
stock includes a wide variety of her-
baceous and woody plants grown in
containers either outdoors, in green-
houses, or under shade. The nursery
accepts unsold plant material, espe-
cially roses (Rosa sp.) grown in 2- to
5-gal containers, from national chain
stores at the end of the summer, and
prunes, fertilizes, and grows this ma-
terial until the next growing season.

Plants infested with Phytophthora
species included bougainvillea (Bou-
gainvillea sp.), ‘Star of Madeira’
echium (Echium fastuosum), garde-
nia (Gardenia veitchii), ‘Heavenly
Cloud’ sage (Leucophyllum frutes-
cens), mexican cardinal flower (Lobe-
lia laxiflora), red yucca (Hesperaloe
parviflora), hydrangea (Hydrangea

macrophylla), crape myrtle (Lager-
stroemia indica), fragrant olive
(Osmanthus fragrans), new zealand
flax (Phormium tenax), stone pine
(Pinus pinea), rose, and rosemary
(Rosmarinus officinalis). Symptoms
included chlorosis, root rot, wilting,
dieback, and leaf blight. A wide di-
versity of oomycete species was asso-
ciated with plants including the
Phytophthora cryptogea-complex, the
Phytophthora nicotianae-complex,
the Phytophthora tropicalis-complex,
Phytophthora palmivora, Phytophthora
cinnamomi, Pythium dissotocum-
complex, and Phytopythium helicoides.
P. helicoides causes root rot on a wide
variety of greenhouse-grown crops
(Beaulieu et al., 2017; Kageyama
et al., 2002; Yang et al., 2013), stem
and root rot of field-grown trees
(Chen et al., 2016; Fichtner et al.,
2016) and could be causing subclini-
cal levels of disease in nursery-grown

Table 1. (Continued) Summary of Phytophthora, Phytopythium, and Pythium species detected at critical control points in three
nurseries: Nursery A (Oregon), Nursery B (California), and Nursery C (South Carolina).

zDetections were based on sequencing of the DNA extracted from baits, cultures, and filters with either Sanger sequencing or high-throughput methods.
yCompost was not available to test in Nurseries B and C.
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container plants. The P. tropicalis-
complex was only found in the soil
matrix in greenhouses, and no source
of P. palmivora was detected in the
nursery other than on infested
plants, suggesting that it was intro-
duced into the nursery on infested
plants (Table 1, Fig. 2).

Critical control points in this
nursery were the cull pile, which was
infested with the P. cryptogea-
complex, and potting media made
with ground material from the cull
pile. Recycled containers were also
infested with the P. nicotianae-
complex. Phytophthora species were
detected in the soil/gravel beds un-
der containers, and in mud on top of
the weed cloth. The reservoir water is
infested with high levels of Pythium
flevoense, a fish pathogen, and low
levels of two plant pathogens, Phy-
tophthora cryptogea-complex and P.
litorale. This untreated reservoir wa-
ter is often blended with recycled
runoff water that has been disinfested
with chlorine dioxide before reuse.
Runoff water is enriched with the P.
citricola-complex, the P. dissotocum-
complex, and P. litorale. Evidence for
plant pathogenicity of P. litorale is
mixed. Phytopythium litorale is com-
monly isolated from irrigation ponds
in Georgia where it was shown to
cause seedling damping-off and fruit
rot of squash (Cucurbita pepo)
(Parkunan and Ji, 2013), but isolates
from greenhouse water tanks in
Pennsylvania were not pathogenic in
assays with geranium (Pelargonium
·hortorum) seedlings (Choudhary
et al., 2016). It is not known if P.
litorale is causing disease in Nursery B.

Changes to nursery management
practices should include preventing
contamination of potting media from
the cull pile. The cull pile should be
properly managed to eliminate plant
pathogens by composting or pasteur-
ization, or it should not be included
in potting media. Recycled containers
should be steamed before reuse. Plant
debris and potting media residues
should not be allowed to accumulate
on greenhouse benches, weed cloth,
or gravel nursery beds. The nursery
also puts itself at risk by allowing
returns of unsold plant material. The
large container plants may harbor
several pests and diseases from their
exposure in retail centers; allowing
returns to the nursery could intro-
duce these pests and diseases to their

on-site planting stock. Finally, water
from the reservoir should be disin-
fested before blending with treated
recycled water.

NURSERY C (SOUTH CAROLINA).
Nursery C is a <100-acre facility in the
coastal lowlands of South Carolina.
Specializing in container-grown pe-
rennials, shrubs, and trees, Nursery C
distributes their planting material to
landscaping professionals and retail
garden centers throughout the mid-
Atlantic and southeastern states. Irri-
gation water is sourced from a series
of linked retention ponds that receive
runoff from the nursery and some
surface water and groundwater from
an adjacent canal during high flow
events. Irrigation water is filtered but
otherwise untreated except for chlo-
rination of water used in the propa-
gation greenhouses.

Symptomatic plants infested with
Phytophthora and related genera in-
cluded boxwood (Buxus richardii),
japanese plum yew (Cephalotaxus har-
ringtonia), holly (Ilex sp.), ‘Soft
Caress’ mahonia (Mahonia eurybrac-
teata), fragrant olive (Osmanthus
fragrans), indian hawthorne (Raphio-
lepis indica), and rhododendron. In
contrast to Nurseries A and B, few
plant-associated Phytophthora species
were found in Nursery C, which is
smaller and has less diversity of plant
material than the other two nurseries.
The most widespread plant pathogens
in Nursery C were Phytopythium heli-
coides, found in association with plants
and also in irrigation water, and
the Phytophthora parsiana-complex.
Other plant-associated species in-
cluded the Phytophthora nicotianae-
complex, Phytophthora cinnamomi,
Phytophthora cactorum, and the P.
citricola-complex. Phytophthora later-
alis was found in association with
‘Soft Caress’ mahonia, a surprising
finding because P. lateralis’ host
range is known to include only false
cypress and yew (Taxus sp.). It is
possible that P. lateralis was recently
brought into the nursery ‘‘hitchhik-
ing’’ in infested potting media or
pots. P. lateralis is well adapted to
survival in soil and dispersal in water
in cooler climates but does not appear
to have established in the nursery,
perhaps because the warm summer
temperatures are not favorable to its
growth.

The main critical control point in
Nursery C is irrigation water that

harbors P. helicoides. All water used
for irrigation should be disinfested
before application. Several methods
for water disinfestation are available
(Majsztrik et al., 2017). In addition,
any plants acquired from off site
should be grown in isolation for
several weeks and tested for Phytoph-
thora species as described previously
to reduce the risk of introducing these
pathogens into the nursery.

Discussion
Hazard analysis at the three nurs-

eries revealed that the main source of
irrigation water for each nursery is
infested with species of Phytophthora,
Phytopythium, and Pythium. Many of
these species are known plant patho-
gens, although some species are sap-
rophytic or aquatic opportunists
(Hansen et al., 2012). Our findings
are consistent with other studies in-
dicating that surface sources of water
(rivers, streams, ponds) are com-
monly infested with Phytophthora spe-
cies (Copes et al., 2015;Hansen et al.,
2012; Hong and Moorman, 2005;
Hong et al., 2009, 2012; Loyd et al.,
2014; Olson et al., 2013; Parke et al.,
2014; Redekar et al., 2019; Sims
et al., 2015). All three nurseries
recaptured runoff water; this practice
conserves water but appears to en-
rich for plant pathogenic species as
shown with Nursery A and B, under-
scoring the importance of disinfesting
recycled water.

While our hazard analysis tar-
geted critical control points for Phy-
tophthora contamination, it should
be noted that other water molds
(Phytopythium, Pythium) were also
detected with our baiting and se-
quencing methods. For those specif-
ically interested in detecting Pythium
species, improved methods, such as
dilution plating onto hymexazol-free
media and possibly baiting with
a plant leaf different from rhododen-
dron, should be considered (Alcala
et al., 2016; Weiland et al., 2015).
Unfortunately, there are no com-
mercial diagnostic kits for detecting
Pythium species on baits, so growers
would need to submit water or plant
samples to a plant disease diagnostic
clinic to confirm the presence of
Pythium species.

Our hazard analysis is modeled
afterHACCP, but we did not attempt
to establish critical limits for each
critical control point. For example,
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we only tested for the presence of
Phytophthora rather than establishing
a threshold for damaging levels of
Phytophthora in water. The relation-
ship between inoculum dose and
disease response is still poorly under-
stood. Foliar infection of nursery
plants from irrigation water infested
with Phytophthora has been demon-
strated but mainly with ‘acute’ in-
oculum levels, much higher that is
typically found in nursery irrigation
systems (Benson and Jones, 1980;
Tjosvold et al., 2008; Werres et al.,
2007). In one study (Loyd et al.,
2014), little disease developed in
plants that were exposed to ‘chronic’
low levels of Phytophthora inoculum
applied in infested irrigation water
over several months. The disease risk
likely differs among Phytophthora spe-
cies, hosts, and environmental condi-
tions, so a prudent management
approach is to disinfest irrigation wa-
ter if any Phytophthora is detected.
There are many options for water
treatment (Majsztrik et al., 2017;
Raudales et al., 2014; Zheng, 2018).
Growers can test the effectiveness of
their water treatment by baiting and
use a diagnostic kit to determine if
Phytophthora is present on the baits.
Critical limits have been developed
for steaming (Schweigkofler et al.,
2014) or pasteurization of soil and
media ingredients and of containers
(Baker, 1957; Linderman and Davis,
2008).

It is unlikely that a hazard anal-
ysis such as ours detected all sources
of contamination. It is impossible to
sample every plant, container, or
batch of potting media. Nurseries
are inherently dynamic production
systems; the plants themselves are
constantly moved around the nurs-
ery, and new plants are coming in as
others are sold. There are a limited
number of samples that can be pro-
cessed in a timely way, and the choice
of selective media and the time of year
sampled influence the outcome. In
a 4-year study in Oregon nurseries
(Parke et al., 2014), we determined
that fall was the best time of year to
recover the greatest diversity of Phy-
topththora species, but the optimal
sampling period has not, to our
knowledge, been determined for
southern California or South Caro-
lina, where the seasonal pattern of
temperature and rainfall are differ-
ent. Although we avoided time

periods with extremely hot or cold
temperatures, it is possible that we
sampled Nurseries B and C at times of
the year that were suboptimal. More-
over, any single type of bait is unlikely
to capture all species of Phytophthora.
By employing both DNA-based and
culture-based approaches, we were
able to overcome some of the inher-
ent biases in baiting or plating, andwe
improved our capacity to detect Phy-
tophthora species that occur in
mixed populations. Though incom-
plete, hazard analysis provides a ‘snap-
shot’ of contamination sources at the
time of sampling.

Once critical control points
within the nursery are identified,
management practices can be imple-
mented to reduce the risk of
economic loss and disease spread. Re-
sources are available to help growers
assess contamination hazards in their
nurseries (Griesbach et al., 2012), and
an online decision tool will soon be
available on the Clean WateR3 website
(Parke et al., 2018; University of Flor-
ida, 2019). Growers will be able to
answer a few questions about their
growing facility and then receive a dis-
ease risk score to help them prioritize
changes they can make to reduce their
risk. Although we have focused on
Phytophthora species, many of the rec-
ommended best management prac-
tices should be effective in reducing
other waterborne and soilborne pests
and diseases in the nursery. For exam-
ple, growers that steam their used
containers to eliminate Phytophthora
contamination report greatly reduced
levels of weed seed germination. The
reduced labor costs more than paid for
the steam treatment (J.L. Parke, un-
published data).

The long-term goal of the Clean
WateR3 program is to encourage
recycling of runoff water. The three
case studies illustrate the need to
disinfest recycled runoff water to pre-
vent waterborne dissemination of
Phytophthora, Pythium, and Phyto-
pythium species. Although growers
should implement a system for effec-
tive water treatment, this is best ac-
complished as part of an overall
hazard analysis to identify and then
eliminate critical control points of
Phytophthora contamination. Tar-
geted changes to nursery manage-
ment practices will reduce the risk of
disease and help protect the health of
landscapes and wildlands.
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