
Phytophthora Species Recovered From Irrigation Reservoirs in Mississippi
and Alabama Nurseries and Pathogenicity of Three New Species

Warren E. Copes, Agricultural Research Service, US Department of Agriculture, Poplarville, Mississippi, 39470; and Xiao Yang and
Chuanxue Hong, Department of Plant Pathology, Physiology and Weed Science, Hampton Roads Agricultural Research and Extension
Center, Virginia Polytechnic Institute and State University, Virginia Beach, Virginia, 23455

Abstract

Copes, W. E., Yang, X., and Hong, C. X. 2015. Phytophthora species recovered from irrigation reservoirs in Mississippi and Alabama nurseries and
pathogenicity of three new species. Plant Dis. 99:1390-1395.

From a survey for Phytophthora spp. in containment basins at one
nursery each in Alabama and Mississippi, eight species and one taxon
were recovered, with Phytophthora gonapodyides dominant in cooler
months and P. hydropathica in warmer months, accounting for 39.6
and 46.6% overall recovery, respectively. Among the recoveries were
P. macilentosa, P. mississippiae, and P. stricta, three new species re-
cently described from a small lake (labeled M4) that serves as a pri-
mary water source for irrigation and to feed another irrigation pond
(M5) at the Mississippi nursery. Neither of ponds M4 and M5 directly
receives runoff from any production area. The three new species were

tested for pathogenicity with Catharanthus roseus, Gardenia jasmi-
noides ‘August Beauty,’ Hydrangea quercifolia ‘Semmes Beauty,’
Ilex magland ‘Oakland,’ Pieris japonica ‘Mountain Snow,’ and Rho-
dodendron × ‘Brandi Michele Raley.’ None of the three species in-
fected any of the test plants or became established in peat or pine
bark growing media. Based on the result of pathogenicity trials as well
as the field observation that none of the nine Phytophthora taxa recov-
ered from irrigation reservoirs have caused episodic disease in the
nurseries, they appear to not present a high risk to ornamental plants
at those nurseries.

Phytophthora diseases have historically caused serious crop loss in
ornamental plant nurseries, and thus have created a deeply seated
concern in the industry. In the last decade, the number of named Phy-
tophthora species has doubled and many of the new Phytophthora
species are being discovered in open waterways and forest areas
(Kroon et al. 2012). As nurseries develop the capacity to pump irri-
gation water from containment basins that capture runoff from nurs-
ery production areas, even more attention and concern are being
focused on the dispersal of Phytophthora spp. by irrigation water
(Bush et al. 2003; Hong et al. 2008a; Loyd et al. 2014; Olson and
Benson 2011; Schwingle and Blanchette 2008; Warfield et al.
2008; Yakabe et al. 2009). The dispersal pattern of Phytophthora
spp. in plant production nurseries is complex because sources and
spread of inoculum may depend on which Phytophthora spp. are
present and could conceivably result from the movement of diseased
plant material within and between nurseries, natural vegetation sur-
rounding production areas, wind-blown particles carrying inoculum,
over-seasoning inoculum present in asymptomatic nursery stocks, as
well as from Phytophthora propagules in irrigation water.
In the last decade, a concerted multistate research effort was under-

taken to track the spread of P. ramorum on ornamental plants shipped
to nurseries throughout the United States (Cobb et al. 2012; Rizzo
et al. 2002, 2005). The research generated lists of Phytophthora
spp. recovered from symptomatic leaf, stem, crown, and root tissues;
and from organic substrate, soil, and waterways in nursery production
systems (Bush et al. 2003; Dart and Chastagner 2007; Dart et al. 2007;
Ghimire et al. 2009, 2011; Olson and Benson 2011; Olson et al. 2013;
Schwingle et al. 2007; Warfield et al. 2008; Yakabe et al. 2009). In-
terestingly, species diversity varied with location, sampling source,
and season. Many Phytophthora spp. recovered from nursery

containment basins are proven pathogens of ornamental plants, but
are not all equally virulent or fully elucidated as to their persistence
in containment basins (Hong and Moorman, 2005; Hong et al.
2008b; Loyd et al. 2014; Parke et al. 2014; Zappia et al. 2014). In ad-
dition, a number of new Phytophthora spp. are being discovered in
nursery waterways, with a similar occurrence resulting from increased
sampling in riparian and forestry areas (Hong et al. 2008a, 2012; Jung
et al. 2011; Yang and Hong, 2013; Yang et al. 2012, 2013, 2014).
A further progression of knowledge will be needed to understand

the disease development components of all these Phytophthora spp.
in an ecological and epidemiological context (Kroon et al. 2012; Zappia
et al. 2014). Parke et al. (2014) found seven Phytophthora spp. that
were recovered only from containment basins, and thus were not asso-
ciated with ornamental plant disease symptoms or the rooting media in
the same nursery. Conversely, they found 10 Phytophthora spp. were
recovered only from rooting media or diseased plant tissues and not as-
sociated with containment basins (Parke et al. 2014). Loyd et al. (2014)
found that mostPhytophthora spp. recovered fromwaterways were not
pathogenic on Rhododendron or Pieris, while two commonly recov-
ered aquatic species,P. hydropathica and P. irrigata, caused only foliar
disease without infecting roots (Loyd et al. 2014).
Collectively, a large number of Phytophthora spp. are known to be

present in nurseries; however, the specific selection is limited within
a single nursery and diversity varies by climate, region, and nursery.
The same diversity pattern applies to irrigation systems, albeit with
a further reduction in the number of Phytophthora spp. recovered.
Overall, a limited characterization of disease potential exists result-
ing from the dispersal of waterborne oomycetes in irrigation water
(Zappia et al. 2014). However, the frequency of Phytophthora dis-
eases in ornamental plant nurseries shows that a better understanding
of the risks and management is needed. There is little data about their
presence at ornamental crop nurseries in the Gulf Coast states. In this
study, we surveyed multiple containment basins at two nurseries, one
in Alabama (AL) and one in Mississippi (MS). We also evaluated
pathogenicity of three newly named Phytophthora spp. on six com-
mon woody nursery crops.

Materials and Methods
Nursery ponds and general water flow. Ponds were sampled at

two nurseries. A total of three ponds were sampled from a nursery in
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AL (labeled A1, A2, and A3; Fig. 1). A1 is a 1-acre pond of about 2m
depth that receives water from a stream that comes from off the prop-
erty and runoff from multiple container pads on the nursery. Several
row crop farms are located in the watershed that drains into the
stream. A2 is a 3-acre pond of about 1.6 m depth that receives water
from pond A1 and runoff from multiple container pads. A3 is a 0.3-
acre pond of about 6 m depth located at the highest spot on the prop-
erty and fed strictly from a well and rainwater. A total of five ponds
were sampled from a nursery in MS (labeled M1, M2, M3, M4, and
M5; Fig. 2). Ponds M1, M2, and M3 receive runoff directly from
multiple container pads. M1 is a 0.4-acre sedimentation pond of
about 1 m depth that receives the largest volume of runoff. It drains
directly intoM2, a 3-acre pond of about 4 m depth that overflows into
a lagoon (not labeled in this paper), then intoM3.M3 is a 2-acre pond
of about 1.5 m depth. M4 is an 8-acre lake of about 3 m depth. It
receives no runoff from the nursery and is fed by a stream and sur-
rounded by wooded habitat. M5 is a 0.7-acre pond of about 3.5 m
depth that receives water pumped fromM4 and occasionally directed
fromM2, but no direct runoff from the nursery. Both nurseries follow
strict sanitation protocols and other best management practices and
did not have any major outbreak of Phytophthora diseases on their
properties during the study period.
Baiting for Phytophthora species. Ponds in the Alabama nursery

were baited with Rhododendron catawbiense ‘Boursault’ leaves on
May 11 to 18, 2011; February 27 to March 6, 2012; and December
11 to 17, 2012. The nursery was closed in late 2012, so no additional
samples were taken. Ponds in the Mississippi nursery were baited
with R. catawbiense ‘Boursault’ leaves on May 10 to 17, 2011; Feb-
ruary 14 to 21, 2012; November 12 to 19, 2012; and April 23 to 30,
2013. Leaves were deployed as bait at approximately 10 cm below
the surface, midpond depth, and 10 cm above the bottom of the pond.
Three whole leaves were suspended in a mesh bag per depth from
a weighed fishing line attached to a float.
Water temperature and pH.Water sampleswere collected from re-

spective depths with a WaterMark horizontal polycarbonate water sam-
pler (Forestry Suppliers, Inc., Jackson, MS) when leaf baits were
deployed and recovered. Water properties (pH, temperature, electrical
conductivity, total dissolved salts, salinity, and dissolved oxygen) were
measured onsite with a handheld Hach sesION156multiparameter meter
(Hach Co., Loveland, CO) or a Hydrolab DS5× multiparameter water
quality sonde (OTTHydromet, Loveland, CO) after September 19, 2012.
Isolation and isolate maintenance. Leaf baits were deployed in

the ponds for 7 days (Bush et al. 2003). Leaves were gently washed
in the pond at the time of collection, placed in a zip lock bag, stored in
a cooler with an ice pack, and transferred to a laboratory. Leaf baits
per depth were cut into approximately fifty 1 × 1 cm2 sections and 10
excised sections were plated onto each of the P10ARP (contains
pimarcin, ampicillin, rifampicin, and pentachloronitrobenzene) and
P10ARPH (P10ARP ingredients plus hymexazol) selective media
(Jeffers and Martin 1986), using standard aseptic techniques. Phy-
tophthora colonies emerging from the edge of bait sections were
hyphal-tipped onto 20% clarified V8 juice agar (cV8A) to obtain
pure cultures (Erwin and Ribeiro 1996). Colonies were initially se-
lected by phenotypic traits (mycelium growth habit, density, and
color). A minimum of 10% of each colony type was transferred into
pure culture, while from 20 to 100% were transferred as total colony
number lessened. Isolates were shipped to the Hampton Roads Agri-
cultural Research and Extension Center, Virginia Polytechnic Insti-
tute and State University, Virginia Beach, VA for identification.
Cultures were maintained on cV8A. Representative isolates were
placed in long-term storage by transferring blocks of fresh agar cul-
tures into microtubes with sterile distilled water and stored at 15°C.
Identification of Phytophthora isolates. Phytophthora isolates

were first grouped and identified by single-strand-conformation
polymorphism (SSCP) DNA fingerprinting by comparing band pat-
terns of reference species (Gallegly and Hong 2008; Kong et al.
2003). Species identities were confirmed by morphological charac-
ters (Erwin and Ribeiro 1996; Gallegly and Hong 2008). Three
new species recovered from the Mississippi nursery, P. macilentosa,
P. mississippiae, and P. stricta, have been described based on distinct

morphological, physiological, and molecular characteristics (Yang
et al. 2013, 2014).
Pathogenicity trial. P. macilentosa (isolate 58A7), P. mississip-

piae (isolates 57J2 and 57J3), and P. stricta (isolate 58A1) were in-
oculated on Catharanthus roseus, Gardenia jasminoides ‘August
Beauty,’ Hydrangea quercifolia ‘Semmes Beauty,’ Ilex magland
‘Oakland,’ Pieris japonica ‘Mountain Snow,’ and Rhododendron ×
‘Brandi Michele Raley’ at the Thad Cochran Southern Horticultural
Laboratory (TCSHL), Poplarville, MS. Plant genera and species were
selected based on a general history of susceptibility to Phytophthora
spp. and the test was performed twice, each with three replicate plants
per isolate and inoculation treatment. Shrubs were purchased in April
2013 from wholesale nurseries and the annual, C. roseus, obtained
from a retail outlet. All shrubs, except Rhododendron, were finished
plants from propagation facilitates in 0.52-liter containers. Plants were
transferred into 1.8-liter containers of peat and pine bark substrate
(Fafard 2B; Conrad Fafard, Agawam, MA). The C. roseus plants were
moved up to 0.52-liter containers. The Rhododendron × ‘Brandi
Michele Raley’ was purchased and kept in the 2.7-liter containers
throughout the experiment period.

Fig. 1. Illustration of relative pond positions and water flow on a nursery in Alabama.
Wide arrows are water flow, narrow arrows are direction of runoff, three grouped open
circles are location of leaf bait traps, and square with a ‘P’ is a pump station. The image
does not encompass the entire nursery.

Fig. 2. Illustration of relative pond positions and water flow on a nursery in Mississippi.
Wide arrows are water flow, narrow arrows are direction of runoff, three grouped open
circles are location of leaf bait traps, and square with a ‘P’ is a pump station. The image
does not encompass the entire nursery.
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Phytophthora-colonized rice grain used as inoculum was prepared
by autoclaving 25 g of long grain rice in 18 ml distilled water in
a 250-ml Erlenmeyer flask twicewithin a 24 h period. Cooled rice grains
in each flask were inoculated with 10 pieces (0.5 cm2) of an actively
growing culture of the test isolate on cV8A (Stewart and Robertson
2012). Inoculated rice grains were kept at room temperature (about
22°C) for 14 days and shaken by hand once per day to prevent clump-
ing. In trial 1, plants were inoculated on April 22 to 23, 2013, and the
final plant ratings and isolations were done on July 24 to 28, 2013. In
trial 2, plants were inoculated on September 12 to 13, 2013, and the final
plant rating and isolations done on January 6 to 10, 2014.
Inoculations were performed with one isolate at a time to minimize

cross-contamination. Scalpels and tweezers were flame-sterilized be-
tween samples. Nitrile gloves were worn and changed or washed
with denatured alcohol between each plant. Each plant was laid hor-
izontally on a new paper towel. Three inoculation method-sites (non-
wounded roots, wounded roots, and wounded collar) were employed.
For wounded root inoculation, several root tips were severed at a mid-
area with a confluent group of roots on one side of a pot, a slight in-
dentation was pressed into the media with a thumb, eight grains of
inoculated rice were set with tweezers on the wounded roots, and
a small volume of rooting media placed on top of the rice grains
and pressed into the depression. The same procedure was used for
nonwounded root inoculation, except root tips were not sliced off.
For wounded crown inoculation, three shallow cutsweremade through
the bark into the cambium in a 0.25-cm2 square area about 1 cm above
the soil line, tweezers were used to place eight grains of inoculated rice
on the wounds, and the rice grains and trunk wrapped with Parafilm
(Pechiney Plastic Packaging, Menasha, WI).
Treatments were placed in a strip-split plot design on an outdoor

pad under overhead irrigation. Plant species were randomized within
blocks and Phytophthora isolate and inoculation type were random-
ized within plant species. Plants in 1.8-liter containers were set in
three plastic trays (25.4 × 53.3 × 5.7 cm) with 0.43-liter square con-
tainers either inverted or filled with gravel separating plant containers
within trays. Rhododendrons in 2.7-liter containers were randomized
in a wooden frame that held plants upright. Plants were watered daily.

Disease assessment and pathogen isolation. Plant symptoms
were assessed at the start, midpoint, and end of the trial on a 0 to 5
categorical scale: 0, no symptoms; and 5, dieback of main stems
(Hong et al. 2012). Final symptom assessment and isolations were
processed over 1.5 days per replication. Approximately a 5 g com-
posite sample of peat based media was collected from the bottom
of each container and placed in a zip lock bag. A 1 g sample of the
composite organic media was inserted in a borosilicate glass 16 ×
100 mm culture tube (No. 14-961-29, Fisher Scientific, Inc., Pitts-
burgh, PA), mixed with 5 ml autoclaved reverse osmosis (RO) water,
and capped with aluminum foil. Test tubes were vortexed for 2 min
and a 100-ml water sample was drawn and spread over the surface of
P10ARP agar in 100 mm diameter petri plates. After 2 to 3 days,
plates were visually checked for colonies of Phytophthora spp. Sus-
pect isolates were hyphal-tip transferred onto P10ARP agar.
Destructive sampling involved removal of aerial plant tissue above

the crown inoculation site with a large pruner. Peat or pine bark me-
dia was washed from roots using water pressure through a hose and
spray nozzle, then the trunk and roots were placed in a plastic bag.
Trunk collar symptoms were assessed on a 0 to 5 ordinal scale: 0,
healthy appearance; and 5, necrosis extending >20 mm from wound
scars. Percentage of root system necrosis was assessed on a 0 to 5 or-
dinal scale: 0, 0%; and 5, >20%. Plant trunk and roots were sub-
mersed in 10% bleach solution (6.25% sodium hypochlorite, The
Clorox Co., Oakland, CA) for 2 min then rinsed in two beakers of
RO water. When plant necrosis was evident, a section of tissue com-
prising discolored and healthy colored tissue was removed with
a flame-sterilized scalpel and plated on P10ARP agar. Plates were vi-
sually checked at 1 to 2 day intervals over 7 days for the presence of
Phytophthora. Phytophthora suspect isolates were hyphal-tip trans-
ferred onto P10ARP. Species identification was derived by morpho-
logical and genetic traits as described above.

Results
Mean pond temperature, averaged over depth and all ponds, fol-

lowed an expected seasonal pattern (Table 1). Differences in other wa-
ter quality factors seemedmore reflective of individual pond character.

Table 1.Mean pond water environment measurements averaged over two to four depths (near surface and at 1 meter intervals), three replications (1 to 2 m apart),
and 1 to 2 days being at the initial submergence and/or collection of leaf baits from ponds located in an Alabama and Mississippi nursery

State Pond Date(s)a Temperature (�C) pH (2log H1) Dissolved oxygen (mg/liter) Specific conductivity (mS/cm)

AL A1 5/11, 18/2011 25.4 7.4 8.4 56.5
3/5/2012 18.1 .b . 59.8
7/12/2012 28.9 6.7 6.1 66.2
12/10, 18/2012 15.9 8.0 6.9 89.7

A2 5/11, 18/2011 27.9 8.5 12.1 152.4
3/5/2012 16.6 . . 88.0
7/12/2012 29.7 8.1 6.8 94.2
12/10, 18/2012 16.4 7.5 6.5 145.0

A3 5/11, 18/2011 25.1 7.0 20.7 51.4
3/5/2012 20.3 . . 44.1
7/12/2012 27.0 6.0 3.0 54.0
12/10, 18/2012 17.1 7.3 7.7 55.7

MS M1 5/10, 17/2011 30.1 7.0 5.8 261.5
7/11/2012 29.0 7.4 2.8 216.5

M2 7/11/2012 27.5 8.8 . 181.1
11/19, 29/2012 14.6 8.3 8.9 143.8

M3 5/10, 17/2011 24.3 7.0 4.3 139.6
7/11/2012 28.6 7.1 3.2 162.2
11/19, 29/2012 14.4 7.4 7.9 168.5

M4 5/10, 17/2011 25.8 6.8 4.6 35.4
7/11/2012 29.4 7.3 . 23.4
11/19, 29/2012 13.8 5.7 8.6 20.0

M5 5/10, 17/2011 25.6 8.1 6.1 60.1
7/11/2012 28.2 8.4 3.4 145.8
11/19, 29/2012 14.7 8.1 11.0 69.5

a Date is the (month) / (day leaf baits were placed in pond), (day leaf baits were collected) / (year). On July 11, 2012, water quality measurements were taken only
on the day leaf bait samples were collected.

b Sensor malfunctioned so data not available.

1392 Plant Disease /Vol. 99 No. 10



Phytophthora species were recovered on all sampling dates from
all ponds, but not at all depths, with the exception that no Phytoph-
thora spp. were recovered from pond A3. Phytophthora gonapo-
dyides and/or P. hydropathica were recovered during most seasons
from ponds, and usually were recovered at a higher frequency than
other Phytophthora species. Alabama nursery ponds yielded
P. gonapodyides,P. hydropathica, andP. irrigata (Table 2).P. gona-
podyides was recovered only in March and December, but at all
depths and at a higher frequency than other Phytophthora spp. from
ponds A1 and A2. P. hydropathicawas recovered at a high frequency
from all depths in May, but at a low frequency in March and Decem-
ber. P. irrigata was recovered only in December at a low frequency
and only at the middle depth.
Mississippi nursery ponds yielded P. citrophthora, P. gonapo-

dyides, P. hydropathica, P. macilentosa, P. mississippiae, P. pini,
P. stricta, and P. taxon PgChlamydo (Table 3). P. gonapodyides
was recovered from all five ponds, mostly from all depths, but only
during February and November. P. gonapodyides was recovered at
a higher frequency in pondsM1,M2, andM3, and at lower frequency
in ponds M4 and M5. P. hydropathica was recovered at a higher fre-
quency in ponds M1, M2, M3, and M5, mostly from all depths, in
three of the four months sampled. Phytophthora taxon PgChlamydo
was recovered only in April, only from the middle depth in M2, only
from the bottom depth in M3, and from all depths in M5. P. citroph-
thora was recovered only in April, only at the middle depth in M2,
only at the bottom depth in M5, and at a low frequency. P. macilen-
tosa was recovered from all depths in February and April, but only
from pond M4. P. mississippiae was recovered at all depths at
a low frequency, but only fromM4 in February. P. strictawas recov-
ered only at a low frequency at the near-surface depth and only from
M4 in February.
The three new species, P. macilentosa, P. mississippiae, and

P. stricta, recovered from pond M4, were used to inoculate six orna-
mental plant genera. The use of eight colonized rice grains per site
were considered a high inoculum load and viability was verified
by mycelium growth on cV8 media. None of the three species were
recovered from plant tissue or from the organic growing media when
the trial was terminated 95 and 115 days after inoculations in trials 1
and 2, respectively. Plant and root disease ratings are not shown since
the four inoculated isolates did not infect and cause disease. How-
ever, P. cinnamomi, P. hydropathica, and P. nicotianae were recov-
ered from a small number of plants, but with no relationship to the
original isolate inoculation treatments. All of the later three Phytoph-
thora species were recovered from organic growing media, so mostly
not associated with plant necrosis. P. cinnamomiwas recovered from
a few symptomatic roots of hydrangea in both trials and from Pieris
in trial two. P. nicotianae was recovered from a few symptomatic
roots of hydrangea in both trials and from rhododendron and one
wounded collar of Pieris in trial one. P. hydropathica was recovered
from one wounded collar of hydrangea in trial two. Most wounded
collars of holly, hydrangea, pieris, rhododendron, and vinca healed
without evidence of necrosis, while a local necrosis developed on
8 to 42% of each plant selection, with the exception of gardenia with
no evidence of necrosis.

Discussion
Phytophthora spp. were recovered from all of the containment

basins receiving runoff water from the nursery orwater from a stream.
Majority of these species found from the nursery ponds are known
to inhabit aquatic environments, exemplified by P. gonapodyides,
P. hydropathica, P. irrigata, and P. taxon PgChlamydo; and they
are likely saprophytes of plant debris and opportunistic pathogens
on ornamental plants (Kroon et al. 2012; Parke et al. 2014). A sea-
sonal recovery pattern was observed with each species, but sampling
and water quality measurements were not collected on sufficient
number of days for comparative analysis.
Three Phytophthora species were found at the AL nursery in

ponds A1 and A2. Both ponds are feed by a small stream and receive
rainfall runoff from a wooded area on one side and irrigation runoff
from the nursery on the other side, all being possible sources of

Phytophthora spp. Phytophthora spp. recovered from ponds A1
and A2 were similar, which was not unexpected, since water flows
from pond A1 directly into A2 (Fig. 1). Of the two species recovered
at higher frequency, P. gonapodyides was more prevalent in Decem-
ber andMarch and P. hydropathicamore prevalent in May (Table 2).
The month and temperature associations generally match the report-
ed mycelium growth responses, in that optimum and maximum
growth rates occur at higher temperatures for P. hydropathica than
for P. gonapodyides (Hong et al. 2010). While the association be-
tween the highest temperature of recovery with an optimum in
vitro growth response is expected, it does not validate a cause and
effect relationship. Less in character was the recovery of high-
temperature tolerant species P. irrigata in December (Hong et al.
2008a), which is in contrast to its optimum in vitro growth response.
Recovery of P. irrigata in December presents the possibility of Phy-
tophthora species being sporadically active even during less favor-
able temperature conditions, which could mean through much of
the year in the Gulf Coast region. Also, it is possible that P. irrigata
exists in ponds A1 and A2, but at a much lower population level than
P. hydropathica. This could result in P. irrigata being undetected
during warmer months, but recoverable when the P. hydropathica

Table 2. Diversity and population totals of Phytophthora species recovered
via baiting with Rhododendron leaves from three possible depths (near-
surface, middle, and near-bottom) of three nursery ponds A1, A2, and A3
in Alabama

Month, year Phytophthora species

Total colony counts
per ponda

A1 A2 A3

May 2011 P. gonapodyides 0 .b 0
P. hydropathica 55 . 0

March 2012 P. gonapodyides 20 22 0
P. hydropathica 1 2 0

December 2012 P. gonapodyides 24 29 0
P. hydropathica 8 7 0
P. irrigata 1 0 0

a Total counts of each Phytophthora spp. recovered from leaf baits on
P10ARP agar. Ponds A1, A2, and A3 were sampled at 3, 2, and 2 depths,
respectively.

b Leaf baits were placed in pond A2 in May 2011, but were missing 7 days
later along with the bobber floats, swivels, and weights. At later sampling
dates, floats in A2 were placed just below the water surface, to be less
visible.

Table 3. Diversity and population totals of Phytophthora species recovered
via baiting with Rhododendron leaves from three depths (near-surface, mid-
dle, and near-bottom) of five nursery ponds M1, M2, M3, M4, and M5 in
Mississippi

Month, year Phytophthora species

Total colony counts per ponda

M1 M2 M3 M4 M5

May 2011 P. gonapodyides 0 .b 0 0 0
P. hydropathica 34 . 28 0 28

February 2012 P. gonapodyides 14 55 38 3 4
P. hydropathica 4 2 1 0 1
P. macilentosa 0 0 0 2 0
P. mississippiae 0 0 0 4 0
P. stricta 0 0 0 4 0

November 2012 P. gonapodyides 17 0 0 1 0
P. hydropathica 6 16 4 0 7

April 2013 P. gonapodyides 0 0 0 0 0
P. hydropathica 0 0 2 0 2
P. ‘Pgchlamydo’ 0 18 4 0 15
P. macilentosa 0 0 0 18 0
P. citrophthora 0 1 0 0 2

a Total colony counts of each Phytophthora spp. recovered from leaf baits on
P10ARP agar.

b Pond M2 was not sampled in May 2011.
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population is low during cooler months (Brasier et al. 1993, 2003).
Another possibility is that P. irrigata is a slow colonizer of rhododen-
dron leaves, so that its presence may be overlooked during summer-
time and present only at a low frequency in winter samplings. It was
interesting that P. nicotianae was not recovered in ponds A1 and A2,
since P. nicotianae-infected plants were found close to A1 several
months prior to the May 2011 pond sample collection. The plants
had been discarded prior to May 2011.
No Phytophthora species was detected in any sampling period

from pondA3 at the AL nursery (Table 2). Pond A3 is filled with well
water and rain water and completely surrounded by a raised berm.
Apparently, no Phytophthora spp. had been introduced into and be-
come established as a residence of pond A3. This finding indicates
that well and rain water were the cleanest sources of irrigation water
at the AL nursery. It may also exclude the possibility of Phytoph-
thora species being introduced in ponds A1 and A2 directly from
rainfall.
Four Phytophthora species were recovered from three intercon-

nected ponds, M1, M2, and M3, located in a centralized location
within a MS nursery. The majority of runoff is channeled into M1,
which collects much of the sedimentation, then dependent on water
volume overflows in series into M2, a lagoon, and M3 (Fig. 2). Each
of the three ponds and the lagoon can receive runoff directly during
heavy rainfall events. P. gonapodyides and P. hydropathicawere the
only species recovered from M1 and were recovered at a high fre-
quency in M2 and M3 also (Table 3). The prevalence of these two
species in containment basins demonstrate they are well adapted to
an aquatic environment. The high numbers of P. gonapodyides and
P. hydropathica recovered from M1 indicate a possibility that both
species also survive and propagate in the nursery habitat, either with
container-grown plants and/or in localized wet soil habitats, and are
regularly transported in runoff. P. gonapodyides was dominant in
a cool month (February) and P. hydropathica in a warm month
(May), similar to the seasonal recovery pattern found at the AL nurs-
ery (Table 3). P. taxon PgChlamydo and P. citrophthorawere recov-
ered at a lower frequency and only in April. Seasonal recovery
supports a concept of an environmental influence that is at least in
part affected by temperature (Bush et al. 2003).
Pond M4 had a different composition of four Phytophthora spe-

cies than the previously mentioned MS ponds (Table 3). P. hydro-
pathica was not recovered from M4 and P. gonapodyides was
recovered in low numbers. Additionally, three novel species were re-
covered from M4, with each being assigned a species nomenclature
(Yang et al. 2013, 2014). Of those, P. macilentosa was the most
abundant species recovered. Pond M4 receives no runoff from the
nursery, but is fed by a stream and receives rainfall runoff from the
surrounding forest. Whether these three new species have become
established in the pond is unknown. Possibly they were carried into
pond M4 through flash flood runoff from nearby forests. Pond M4 is
a primary water source for pumping irrigation water to a portion of
the nursery where large container-grown plants are grown, therefore
the three Phytophthora spp. are likely being introduced into the nurs-
ery. From these findings, M4 appears to have a different Phytoph-
thora spp. composition than the ponds recharged primarily from
irrigation runoff.
Pond M5 had a diversity that reflected those recovered from M2,

which sometimes flows directly into M5 (Table 3). M4 is also
a source of water pumped into M5. The new Phytophthora spp. de-
tected in M4 were not detected in M5, which may be a result of sam-
pling density. Differences in Phytophthora species composition
between all ponds reflects the source of water, whether from irriga-
tion runoff or successional pond flow patterns. Results fit the emerg-
ing pattern of aquatic and terrestrial habitat specialization for
different members of the Phytophthora community.
In vivo assessment of pathogenicity of the three new species,

P. macilentosa, P. mississippiae, and P. stricta initially recovered from
pond M4 was performed at two different times of the year, spring to
summer and summer to winter, in part to take advantage of seasonal
temperature differences that might influence success of infection,
colonization, and establishment in the organic rooting media. The

three species did not infect the plants nor persist in the organic root-
ing media, indicating a low risk to cause episodic disease in the
nursery. This phenomenon of aquatic Phytophthora spp. having
low aggressiveness has been reported by others (Loyd et al.
2014; Tjosvold et al. 2008). Many aquatic Phytophthora species
are associated with subclade 6b and clade 9 of the genus Phytoph-
thora. Species in these two phylogenetic groups are often recovered
from irrigation water at plant nurseries (Loyd et al. 2014; Parke
et al. 2014). Of the species tested in the current study, P. mississip-
piae is grouped in Phytophthora clade 6b, which was projected to
be a potential saprophyte and cause minor plant disease. P. maci-
lentosa is phylogenetically grouped in a high temperature-
tolerant cluster in clade 9, which includes many species that lack
pathogenicity records. Although attention should be paid to these high
temperature-tolerant species for potential of emerging pathogenicity
when temperature increases, most of these species are currently be-
lieved to pose limited plant health risk. P. stricta is phylogenetically
grouped in a previously unknown ITS clade of the genus Phytoph-
thora (Yang et al. 2014). Additionally, its pathogenic role is
unknown.
P. cinnamomi, P. drechsleri, and P. nicotianae were found caus-

ing root and collar diseases and inhabiting the organic growing me-
dia. These three species are most likely from the wholesale nurseries
where the test plants were purchased, since the irrigation water at the
TCSHL test site originates from a well and the slope of the irrigation
pad directs runoff away from plants. It was noted that P. cinnamomi,
P. drechsleri, P. nicotianae, and other prominent Phytophthora
pathogens were not detected from any of the irrigation reservoirs sur-
veyed in the present study.
These findings accord with previous observations that the com-

position of terrestrial and aquatic Phytophthora communities may
be different (Hansen et al. 2012; Parke et al. 2014). Lack of detec-
tion of major pathogenic Phytophthora species from these reser-
voirs could be due in part to their low concentration in the
systems as a result of strict sanitation and other best management
practices followed in both nurseries or due to insufficient sampling
intensity. Neither the AL or MS nursery have had severe disease
outbreaks associated with any of the Phytophthora spp. recovered
from the containment basins that serve as a primary source of irri-
gation water. Additionally, two of the six plant varieties used to test
virulence of P. macilentosa, P. mississippiae, and P. stricta are pro-
duced in 57- and 114-liter containers at the MS nursery and irri-
gated with water from M4, where these isolates were recovered.
None of the three newly named Phytophthora spp. have been found
causing disease in the nursery.
While a relatively small Phytophthora community of nine species

was recovered in this study, the actual Phytophthora diversity in the
surveyed containment basins is likely greater than recovered. Many
Phytophthora spp. existing in the irrigation water at low abundance
levels may not be detected using conventional detection methods
such as the baiting method used in this study. This is especially pos-
sible when the Phytophthora community is dominated by one or
a couple of species such as P. gonapodyides in winter and P. hydro-
pathica in summer as shown in this study. Thus, a comprehensive re-
covery of Phytophthora spp. requires larger and more frequent
sampling (Zappia et al. 2014) or use of modern molecular detection
methods such as cloning (Scibetta et al. 2012) and next-generation
sequencing.
All recovered Phytophthora spp. in this study have not been found

causing any plant disease locally or considered as highly virulent
pathogens in nurseries. Also, the three new species were not virulent
on several important plant selections. However, it is not for certain
that these species will not cause plant disease in the future. Many
studies have shown that some species recovered in this study including
P. citrophthora, P. hydropathica, P. pini, and P. taxon PgChla-
mydo can cause diseases on nursery crops (Blomquist et al. 2012;
Hong et al. 2008b, 2010; Vitale et al. 2014). The exact economic
importance of these Phytophthora spp. in irrigation systems of Mis-
sissippi and Alabama nurseries also requires larger, more frequent,
and longer-term monitoring.
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