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Abstract 
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Pythium species are common damping-off pathogens that can cause 
stunting, chlorosis, and death of conifer seedlings in the Pacific North-
west (PNW) region of the United States. Despite the prevalence and 
importance of these pathogens in forest nurseries, relatively little is 
known about the identity of Pythium species associated with forest 
nursery soils in Washington and Oregon. A limited number of studies 
have reported P. aphanidermatum, P. irregulare, P. mamillatum, and P. 
ultimum as the predominant species in the PNW, but most studies of 
this genus in forest nurseries have not reported Pythium species iden-
tity. In an attempt to identify Pythium species associated with forest 
nursery soils, field surveys were conducted at three forest nurseries 
(two in Oregon and one in Washington) in 2008 using three isolation 

methods. Pythium species were isolated by plating soil onto a semi-
selective medium or by baiting soil with rhododendron leaf disks and 
Douglas-fir needle segments. One hundred isolates were randomly 
selected from each isolation method at each nursery (900 isolates total) 
and identified on the basis of the internal transcribed spacer (ITS) 
sequence. Nineteen Pythium species were identified during the survey. 
Species richness and abundance were strongly influenced by both 
nursery and isolation method. Of the 300 isolates obtained from each 
nursery, P. irregulare was the most commonly isolated species from 
nursery A in Washington (65% incidence). P. ‘vipa’ and P. dissotocum 
were the most commonly isolated species from nurseries B and C in 
Oregon, respectively (53 and 47% incidence, respectively). 

 

Forest nurseries of the Pacific Northwest (PNW) region of the 
United States, defined here as the states of Idaho, Oregon, and 
Washington, produce almost 200 million conifer seedlings each 
year (6). Approximately 75 million of the seedlings sold are 2-
year-old transplants of barefoot Douglas-fir (Pseudotsuga menzie-
sii) (industry sales data, unpublished). Seedlings are used to refor-
est harvested land (13) and to replace stands destroyed by diseases, 
insects, or fire. Seedlings are also sold as stock for the Christmas 
tree and ornamental nursery industries (industry sales data, unpub-
lished). 

Pythium species are considered to be one of the most important 
soilborne pathogens limiting conifer seedling production in the 
PNW (6,40). These pathogens are common soil inhabitants and are 
frequently isolated from forest nursery soils (13,18). Pythium spe-
cies cause damping-off and root rot of seeds and seedlings, particu-
larly when soil moisture is abundant. Infection typically occurs 
early in the growing season when soils are still moist and cool, and 
seedling tissues are young. Symptoms associated with damping-off 
and root rot include failure of seed to germinate (preemergent 
damping-off), stunting, chlorosis, wilting, and up to 100% seedling 
mortality (14,26,40). 

At least 20 Pythium species have been associated with conifer 
seedlings worldwide (2,13,14,16–19,25,26,33,41,43), with P. apha-
nidermatum, P. irregulare, P. mamillatum, and P. ultimum cited as 
the most prevalent species causing damping-off in the PNW 
(13,18,19). Pythium species have been traditionally identified on 
the basis of microscopic characteristics and colony morphology 
(13,25). However, identification based on these features is difficult 
and time intensive due to variation in morphological traits (8,41), 

similarities in species descriptions (9), differences in conditions 
required to produce diagnostic reproductive structures (3), or the 
complete absence of diagnostic structures (8,35). As a conse-
quence, many studies of Pythium in forest nurseries have not re-
ported species identity. DNA sequence analysis offers a less am-
biguous way to determine species identity, and molecular 
techniques based on the internal transcribed spacer (ITS) region 
have been increasingly used to identify isolates of Pythium 
(3,8,24,35). Levesque and de Cock (24), for example, used ITS 
sequences to characterize numerous Pythium species and to illus-
trate phylogenetic relatedness. 

Soil dilution plate and plant-based baiting assays have been 
commonly used to detect Pythium species from soils (7,12–
14,17,43). However, little is known about how these methods influ-
ence the number (richness) and relative abundances of the Pythium 
species recovered. A limited number of studies have shown an 
effect of isolation method on Pythium species recovery (36,37). 
Pettitt et al. (36), for example, found that P. ultimum var. spo-
rangiferum zoospores generally colonized fewer rhododendron leaf 
disk baits than hemp seed baits. Pittis and Colhoun (37) also re-
ported preferential colonization of plant baits by several Pythium 
species, but more readily detected several species by directly plat-
ing water samples on a semiselective medium. As both types of 
assay continue to be used to assess Pythium species diversity 
(3,17,26,35–37), a better understanding of how each influences the 
detection of Pythium populations and communities is critical. 

Information regarding the influence of storage conditions on 
Pythium populations within soil samples is also relatively scarce 
(5,10). In some cases, significant time and labor constraints place 
limits on the number of soil samples that can be processed at one 
time. Two studies indicate that Pythium populations remain rela-
tively stable during storage. Golden et al. (10) detailed the effect of 
temperature on populations of several Pythium species in agricul-
tural soils stored for up to 8 weeks. Although isolation frequency 
tended to decrease initially, by 8 weeks soil populations of Pythium 
kept at storage temperatures of 10, 15, and 20°C were approxi-
mately the same as the populations detected prior to storage. Like-
wise, DeVay et al. (5) found that air-dried or moist soil samples 
stored at 4 or 23°C for up to 5 months did not have Pythium 
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populations that were significantly different from those detected at 
the time of soil collection. 

Three forest nurseries in Oregon and Washington were surveyed 
in 2008 to assess the diversity of Pythium species associated with 
conifer seedling production. Three isolation methods (one dilution 
plate and two baiting methods) were used to examine the diversity 
of Pythium species from each nursery. The objectives of this re-
search were to: (i) identify Pythium species associated with the 
three forest nurseries; (ii) compare the three isolation methods for 
assessment of Pythium species richness and abundance; and (iii) 
determine whether storage of soil samples for 2 weeks signifi-
cantly affects detection of Pythium species richness and abun-
dance. 

Materials and Methods 
Nurseries. One 1.3-ha field plot was established at each of three 

barefoot forest nurseries in Oregon and Washington in August 
2008. Nursery A is located in southwestern Washington on soil 
classified as Cagey loamy sand with 3% organic matter. Nurseries 
B and C are located in northwestern Oregon on soil classified as 
Canderly sandy loam with 4% organic matter. Each nursery was at 
least 7.7 km from the next nearest nursery. All field plots used in 
the experiment had been in conifer seedling production for at least 
35 years. Nurseries A and B were bare fallow for at least 2 months 
prior to establishment of the field plots, whereas Nursery C had 
been planted with a Sudan grass (Sorghum bicolor) cover crop 
approximately 1 month earlier. All field plots were bare fallow at 
the time of sampling. 

Experimental design. Each field plot was subdivided into 24 
subplots, each approximately 12 × 46 m in size. Soil samples were 
collected from each plot by taking 20 2-cm-diameter soil cores to a 
depth of 25 cm in a randomized pattern. Soil samples were then 
bulked within each subplot and mixed thoroughly to generate 24 
composite samples from each nursery. Soil samples (at approxi-
mately 15% moisture) were stored in sealed plastic bags at 4°C 
until processed. 

Sampling and isolation methods. Pythium species were as-
sayed within 3 days of soil sample collection (storage interval = 0 
weeks) by dilution plating and by baiting with either Rhododen-
dron ‘Unique’ or Douglas-fir. For dilution plating, 10 g of each 
composite soil sample was mixed with 90 ml of 0.2% water agar 
and shaken for 45 min at 150 rpm. An aliquot (0.5 ml) of the 
suspension was then spread with a sterile glass rod on each of 10 
petri plates containing 20 ml of PARP agar, a semiselective me-
dium for Pythiaceous species (21). Plates were incubated in the 
dark at 20°C, and the number of plates yielding at least one Py-
thium isolate was counted 2 days later. Baiting was conducted us-
ing the double-cup leaf disk baiting method of Linderman and 
Zeitoun (27). Briefly, 15 ml of each composite soil sample was 
placed in a 150-ml wax paper cup. A second wax paper cup with 
the bottom cut out and replaced by a double layer of cheesecloth 
was positioned firmly on top of the soil sample, and 50 ml of dis-
tilled water was added to the second cup. Leaves of rhododendron 
or needles of Douglas-fir were then used to bait for Pythium spe-
cies. Leaves and needles were initially surface-disinfested by 
immersion in 0.06% NaOCl for 10 min, then rinsed in running tap 
water for 10 min. After air drying, 10 5-mm-diameter rhododen-
dron leaf disks or 10 1-cm-long Douglas-fir needle segments (cut 
with a sterile cork borer or razor blade, respectively) were floated on 
the water surface in each cup at room temperature. After 48 h, leaf 
disks and needle segments were removed from the cups with sterile 
forceps, blotted dry on clean paper towels, and plated on PARP agar 
medium. Plates were incubated at room temperature for 2 days, and 
the number of baits yielding at least one Pythium isolate was 
counted. All composite soil samples were stored for 2 weeks at 4°C 
and then assayed a second time (storage interval = 2 weeks) using 
the same three isolation methods to determine the effect of soil 
sample storage on Pythium species richness and abundance. 

One hundred isolates (50 from each storage interval) of Pythium 
were randomly selected from each of the three isolation methods at 

each nursery (900 isolates total) and identified to species on the 
basis of the ITS region. Genomic DNA was extracted using a 
procedure modified from Martin and Semer (30). Briefly, cultures 
of each Pythium isolate were grown on 20 ml of 10% clarified V8 
juice agar for 3 days (1 g CaCO3/100 ml V8 juice strained through 
eight layers of cheesecloth and then mixed with 900 ml of distilled 
water and 17 g of agar). A small amount of hyphae (<1 mm3) was 
then removed from each culture with a sterile toothpick, trans-
ferred to a 500-µl microfuge tube containing 100 µl of sterile water, 
and incubated at 95.9°C for 5 min. Ten microliters of the extract 
was then added to a 40-µl polymerase chain reaction (PCR) reac-
tion mixture containing 20 µl 2.5× 5 Prime HotMasterMix (5 
Prime Inc., Gaithersburg, MD), 18 µl of sterile water, and 1 µl each 
of 10 mM universal primers ITS1 and ITS4 (44). Amplification 
was performed in a Veriti Thermal Cycler (Applied Biosystems 
Inc., Foster City, CA) with the following temperature profile: one 
cycle of 1 min at 95°C; 35 cycles of 1 min at 95°C, 1 min at 55°C, 
and 1 min at 72°C; and 10 min at 72°C. PCR products were sepa-
rated by electrophoresis on a 0.7% agarose gel in 1× TAE buffer. 
Gels were stained with ethidium bromide and photographed under 
UV light. PCR products were purified using the GenScript Quick-
Clean 5M PCR Purification Kit (GenScript Corporation, Piscata-
way, NJ) and then sequenced at Macrogen, Inc. (Seoul, South Ko-
rea). ITS sequences were compared to sequences available in 
GenBank using BLAST to identify each isolate to species. Se-
quences from ex-type cultures or authentic strains as described by 
van der Plaats-Niterink (41) and Levesque and de Cock (24), in-
cluding those reported as new or potentially new species (22,34), 
were used in analyses when available. Sequences with less than 
99% identity to ex-type cultures and authentic strains could be 
considered as variants of the most closely matched species, or as 
putative new species. Therefore, these isolates were assigned an 
affinis designation (e.g., P. aff. attrantheridium) to indicate related-
ness to the closest named species match. The identity of each spe-
cies was confirmed by evaluating up to 10 isolates for morphologi-
cal characteristics according to the taxonomic keys of van der 
Plaats-Niterink (41) and Waterhouse (42), or to the original species 
descriptions (22,34). 

Statistical methods. Estimates of Pythium soil populations, re-
gardless of species identity, were calculated for each nursery by 
averaging the number of Pythium isolates/g soil (dry weight) of 
each soil sample. Isolation frequency data were analyzed using the 
chi-square test of independence (39) to determine if the frequency 
of isolation was independent of nursery, isolation method, and the 
amount of time that the soil samples were stored. Variances (the 
measure of variability around a mean) and Bonferonni’s 95% 
confidence intervals (39) were calculated from mean isolation fre-
quency data for each nursery, isolation method, and storage inter-
val, and then assessed for homogeneity of variances among 
treatments with Levene’s test (23). In order to assess whether sam-
pling effort (i.e., the number of soil samples taken from each nurs-
ery) had detected the majority of Pythium species likely to be pre-
sent at each nursery, species richness curves and associated error 
terms were computed with EstimateS Version 8.2.0 (4). Sampling 
curves that approach a horizontal asymptote are indicative that 
increased sampling effort is unlikely to result in detection of addi-
tional species (11,45). Species diversity was quantified for each 
nursery and isolation method by calculating species richness (the 
number of species observed), abundance (frequency of each spe-
cies), evenness index E5 (28), Shannon’s (H ′) diversity index (29), 
and Simpson’s (D) dominance index (29). The evenness index E5 is 
a measure of species abundance that is independent of species 
richness (28). The Shannon index provides a measure of species 
diversity in a community and takes into account both species rich-
ness and abundance (29). Similarly, Simpson’s index provides a 
measure of species diversity, but is weighted toward the abundance 
of more common species (29). The jackknife procedure was ap-
plied to each of the three indices to improve index estimation (29), 
and differences in results among nurseries and isolation methods 
were assessed by one-way and two-way analyses of variance 
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(ANOVA) with nursery and isolation method as main factors. All 
analyses were conducted with Minitab Statistical Software (Re-
lease 15.1; Minitab, Inc., State College, PA). 

Results 
Isolation frequency. Pythium isolates were recovered from soils 

at each nursery by each isolation method. Soil populations of 
Pythium averaged 18.1 ± 1.1 (mean ± standard error) propagules/g 
dry weight soil (ppg) at nursery C, and 38.7 ± 1.7 and 42.5 ± 2.8 
ppg at nurseries A and B, respectively. Pythium was isolated from 
69% (2,974) of the 4,320 plates or baits used during the entire 
experiment, and chi-square analyses indicated that both nursery 
and method influenced isolation frequency (P < 0.001). For the 
dilution plate method (480 plates at each nursery), Pythium was 
isolated from plates more frequently at nursery A (71%), less fre-
quently at nursery B (61%), and least frequently at nursery C 
(49%) (P ≤ 0.043). Conversely, for the rhododendron baiting 
method (480 baits at each nursery), Pythium was isolated more 

frequently from baits at nurseries A and C, which had similar isola-
tion frequencies of 85 and 88% (P = 0.652), respectively, than at 
nursery B (73%) (P ≤ 0.027). Likewise, bait isolation frequencies 
using the Douglas-fir baiting method at nurseries A (69%) and C 
(73%) were similar (P = 0.591), and both were greater than at 
nursery B (50%) (P < 0.001). Within each nursery, Pythium was 
always isolated more frequently from rhododendron leaf baits (73 
to 88%) than either Douglas-fir needle baits (50 to 73%) or dilu-
tion plates (49 to 71%) (P ≤ 0.034). Chi-square analyses indicated 
isolation frequency was independent of the amount of time that the 
soil samples were stored (P ≥ 0.072) for all nursery and isolation 
method combinations except at nursery A for the Douglas-fir bait-
ing method (P = 0.025). 

The variability associated with Pythium isolation frequency was 
influenced by nursery, but not by isolation method or the amount 
of time soil samples were stored. Variances associated with each 
isolation method were always greater at nursery B than either nurs-
ery A or C (Table 1), and Levene’s tests confirmed that the vari-
ances were heterogeneous (P ≤ 0.034). Variances also were greater 
at nursery C than at nursery A, but results of statistical analyses 
were not significant (P ≥ 0.497). Within each nursery, variances 
associated with the dilution plate method were always greater than 
those from either baiting method. However, results of analyses 
were not significant (P ≥ 0.087). Finally, variances were homo-
geneous regardless of the amount of time that the soil samples 
were stored (P ≥ 0.245). Therefore, pooled data from both storage 
intervals are presented. 

Pythium species identity. A total of 19 Pythium species were 
isolated from the three nurseries (Table 2). Isolates identified as P. 
irregulare were subdivided into three clades on the basis of ITS 
sequence identity: P. irregulare sensu stricto according to Garzon 
et al. (8) and P. irregulare groups III and IV according to Matsu-
moto et al. (31). Isolates identified as P. rostratifingens were only 
96% identical to the ITS type sequence (GenBank Accession No. 
AY707986), but 99% identical to the ITS sequence of other iso-
lates identified as P. rostratifingens (32,38). Six unidentified 

Table 2. Abundance of Pythium species isolated from soils sampled at three forest nurseries in Oregon and Washington in 2008 using three isolation methodsx 

  Nursery  

  A B C  

Speciesy % IDz Plate Rhod. Doug. Plate Rhod. Doug. Plate Rhod. Doug. Total 

P. aphanidermatum 99 0 0 0 0 0 0 1 0 0 1 
P. aff. attrantheridium 94-97 1 0 0 0 1 0 0 0 0 2 
P. dissotocum  99-100 0 2 4 0 0 0 14 70 56 146 
P. irregulare  99-100 78 71 45 22 2 5 12 5 0 240 
P. irregulare group III  99-100 13 3 1 0 0 0 0 0 0 17 
P. irregulare group IV  99-100 2 0 0 10 0 0 0 0 0 12 
P. aff. macrosporum 95-98 0 8 11 3 19 24 5 6 9 85 
P. mamillatum 99 1 0 2 0 0 0 3 1 3 10 
P. aff. mercuriale 98 0 0 0 0 0 0 0 1 0 1 
P. middletonii 99 0 0 3 0 0 0 0 0 0 3 
P. aff. oopapillum 83-85 0 0 0 0 0 0 0 0 2 2 
P. pachycaule 99 0 1 0 0 1 0 0 0 0 2 
P. rostratifingens 96-99 0 0 2 0 1 0 0 0 0 3 
P. aff. rostratum 95 0 0 0 0 0 0 0 0 2 2 
P. aff. spiculum 96-98 5 2 9 1 1 0 16 4 13 51 
P. sylvaticum 99 0 0 0 27 0 0 25 0 0 52 
P. torulosum  99-100 0 10 21 0 0 0 4 1 5 41 
P. ultimum var. ultimum  99-100 0 1 1 18 2 3 20 12 9 66 
P. ‘vipa’  99-100 0 2 1 19 73 68 0 0 1 164 
Total isolates  100 100 100 100 100 100 100 100 100 900 
Total species  6 9 11 7 8 4 9 8 9 19 

x Pythium was isolated from 24 soil samples collected at each nursery by plating a soil suspension on PARP agar medium (Plate) (21), or by baiting soil
samples with rhododendron leaf disks (Rhod.) or Douglas-fir needle segments (Doug.) (27). One hundred isolates were randomly selected from each of the 
three methods at each nursery and identified to species on the basis of the DNA sequence of the internal transcribed spacer (ITS) region. 

y Pythium isolates labeled with an affinis designation (aff.) had an ITS sequence with less than 99% maximum sequence identity to the ITS region of ex-type 
cultures or authentic strains deposited at GenBank (22,24,34,41). Pythium isolates designated as P. ‘vipa’ had an ITS sequence with 99% maximum se-
quence identity to the ITS region of isolate 96-224 (DQ528743.1) in GenBank (15,22), which was originally assigned the proposed name P. ‘vipa’. 

z % ID = Percent identity. Values and ranges in values represent the maximum sequence identity of the ITS region of respective Pythium species isolates 
compared to the ITS region of ex-type cultures or authentic strains deposited at GenBank (22,24,34,41). 

Table 1. Variances and 95% confidence intervals (in parentheses) associ-
ated with the isolation frequency of Pythium species from soils sampled at
three forest nurseries in Oregon and Washington in 2008 using three isola-
tion methodsy 

 Isolation method 

Nursery Dilution platez Rhododendron Douglas-fir 

A   5.56(3.33-10.65) a 4.08(2.45-7.82) a   4.14(2.49-7.94) a 
B 12.36(7.41-23.68) b 9.99(5.99-19.14) b 10.13(6.07-19.40) b
C   7.38(4.43-14.14) a 5.94(3.57-11.39) a   6.01(3.61-11.52) a

y Pythium was isolated from 24 soil samples collected at each nursery by
plating a soil suspension on PARP agar medium (Dilution plate) (21), or 
by baiting soil samples with rhododendron leaf disks (Rhododendron) or
Douglas-fir needle segments (Douglas-fir) (27). 

z Variances (variability associated with mean isolation frequency) followed
by the same letter are not significantly different (P = 0.05). n = 48 soil 
samples. 
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Pythium species had ITS sequences with <99% identity to ITS 
sequences deposited in GenBank, and were assigned names based 
on the species with the closest ITS sequence match (e.g., P. aff. 
attrantheridium). The ITS sequences of these isolates were at least 
11 nucleotides different from those of ex-type or authentic strains. 
Preliminary observations of the morphology of the two most com-
monly encountered species, P. aff. macrosporum and P. aff. spiculum, 
were similar to the species descriptions, but additional mor-
phological and genetic studies are in progress to determine the exact 
taxonomic designation of these isolates. One frequently isolated 
species (18% of 900 isolates) had an ITS sequence that was nearly 
identical (1 nucleotide difference) to that of isolate 96-224 
(DQ528743.1) in GenBank, which was assigned the proposed name 
P. ‘vipa’ (15,22). Morphological characteristics of these isolates were 
similar to those described by Klemsdal et al. (22). These isolates 
were, therefore, also designated as P. ‘vipa’ in this study (Table 2). 

Pythium species richness. Species richness curves approached 
an asymptote indicating that few additional Pythium species would 
be detected if sampling effort were increased above 24 soil samples 
per nursery field plot (Fig. 1). The standard deviation values for 
each curve from the dilution plate method (Fig. 1A) and for the 
Douglas-fir bait method at nursery B (Fig. 1C) approached zero, 
which was also an indication that most of the Pythium species pre-
sent within each field plot had been detected. However, the slopes 
of curves from both baiting methods (0.03 to 0.05 Pythium spe-
cies/Pythium isolate) (Fig. 1B and C) were approximately 1.6- to 
4.3-fold greater than those from the dilution plate method (0.01 to 
0.02 Pythium species/Pythium isolate), indicating that increased 
sampling effort might yield one or two additional Pythium species. 
The one exception was the richness curve for Douglas-fir baits at 
nursery B (slope < 0.001), which was the nursery and isolation 
method combination with the lowest number of detected species. 
This richness curve rapidly approached an asymptote at four 
Pythium species, and standard deviation values rapidly approached 
zero (within 40 to 50 Pythium isolates compared to >50 isolates for 
the other nursery and isolation method combinations). 

Species richness was similar for each nursery (nursery A = 14 
species, nursery B = 10 species, and nursery C = 13 species), isola-
tion method (13 species detected with each), and for the amount of 
time that each soil sample was stored (0 weeks = 14 species and 2 
weeks = 16 species) (Table 2). Chi-square analyses confirmed that 
species richness was independent of these variables (P ≥ 0.614). 
However, species composition varied among nurseries and meth-
ods. For example, of the 11 species isolated most frequently (those 
species with ≥10/900 total isolates), only six or eight species were 
the same between any two nurseries. Furthermore, the plating 
method detected two species, P. sylvaticum (52 isolates) and P. 
irregulare group IV (12 isolates), which neither baiting method 
detected. Although differences were observed in species composi-
tion between the two baiting methods and between the two soil 
storage intervals, the six Pythium species that accounted for these 
differences were only isolated rarely (≤3/900 total isolates). For 
example, P. pachycaule, which was only isolated from rhododen-
dron baits and not Douglas-fir baits, was only isolated twice during 
the entire study. 

Pythium species abundance. Species abundance varied mark-
edly among nurseries and isolation methods (Table 2), but not by 
the amount of time that soil samples were stored. P. irregulare was 
the most frequently isolated species (240 isolates = 27% of all 900 
isolates), followed by P. ‘vipa’ (164 isolates = 18%) and P. dis-
sotocum (146 isolates = 16%). However, within each nursery, only 
one of the three most commonly isolated species was predominant. 
For example, when species counts for each nursery were pooled 
regardless of isolation method, P. irregulare was the most fre-
quently isolated species from nursery A (194 isolates = 65%), P. 
‘vipa’ from nursery B (160 isolates = 53%), and P. dissotocum 
from nursery C (140 isolates = 47%). The relative abundance of 
other Pythium species also varied by nursery. Several species such 
as P. dissotocum, P. ‘vipa’, and P. aff. macrosporum were isolated 
more frequently by baiting than on dilution plates. Conversely, 
species such as P. sylvaticum, P. irregulare group III and IV, and P. 
ultimum var. ultimum were more commonly isolated on dilution 
plates than from baits. Eight species were rarely encountered (<10 
isolates total). Therefore, inferences about effects of nursery, isola-
tion method, and soil sample storage were assessed based on 
pooled frequency data for these species. Chi-square analyses con-
firmed that species abundance was not independent of nursery (P < 
0.001) or isolation method (P ≤ 0.001), except for species abun-
dances from rhododendron and Douglas-fir baits at nurseries B and 
C, which were homogeneous (P = 0.684 and 0.074, respectively). 
Chi-square analyses also indicated that species abundance was not 
affected by 0 versus 2 weeks of soil sample storage (P ≥ 0.071). 
Therefore, pooled data from the two storage intervals are pre-
sented. 

Evenness, diversity, and dominance indices. The dilution plate 
method was the only assay that consistently detected differences 

Fig. 1. Pythium species richness curves for soils sampled at forest nurseries A, B,
and C in Oregon and Washington in 2008 using three isolation methods. Number of
Pythium species identified from 100 isolates per nursery and isolation method A,
dilution plating, B, rhododendron leaf disk baits, or C, Douglas-fir needle segment
baits. Pythium was isolated from 24 soil samples collected at each nursery by 
plating a soil suspension on PARP agar medium (21), or by baiting soil samples
with rhododendron leaf disks or Douglas-fir needle segments (27). 
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among nurseries based on the evenness (E5), diversity (H′), and 
dominance (D) indices of Pythium species (Table 3). One-way and 
two-way analyses of variance indicated that evenness was similar 
at each nursery for each of the baiting methods (P ≥ 0.342). How-
ever, evenness at nurseries B and C was significantly greater than 
at nursery A for the dilution plate method (P = 0.002). Likewise, 
diversity was similar at each nursery for the rhododendron baiting 
method (P = 0.432), but significant differences among nurseries 
were observed for the Douglas-fir baits (P < 0.001). For the dilu-
tion plate method, diversity was greater at nurseries B and C than 
at nursery A (P < 0.001). Dominance was also similar at each nurs-
ery for each of the baiting methods (P ≥ 0.133), but was least at 
nurseries B and C in comparison to nursery A for the dilution plate 
method (P < 0.001). 

Discussion 
This study adds a number of Pythium species to those already 

associated with conifer seedling production in the PNW region of 
the United States. Numerous Pythium species have already been 
associated with conifers, conifer seedlings, and forest nursery soils 
(2,13,14,16–19,25,26,33,41,43). Of these, P. aphanidermatum, P. 
debaryanum, P. irregulare, P. mamillatum, and P. ultimum were 
reported as the most common pathogenic species of conifer seed-
lings. Isolates designated as P. debaryanum are probably incor-
rectly identified, however, as the original description of this species 
was based on a mixed culture with P. intermedium, and the species 
name has been erroneously applied to other Pythium species 
including P. irregulare, P. irregulare group IV, P. sylvaticum, and P. 
ultimum (38,41). To the author’s knowledge, P. dissotocum, P. ir-
regulare groups III and IV, and P. ‘vipa’ have not been reported 
previously from forest nursery soils. Putative new species or spe-
cies variants such as P. aff. macrosporum and P. aff. spiculum also 
were recovered relatively frequently in this study. P. aff. attranther-
idium, P. aff. mercuriale, P. middletonii, P. aff. oopapillum, P. 
pachycaule, P. aff. rostratum, and P. rostratifingens were also iso-
lated from forest nursery soils for the first time, but were so rarely 
detected that they are unlikely to result in disease at the three nurs-
eries surveyed. Studies are underway to determine the pathogenic-
ity and aggressiveness of the Pythium species isolated. Preliminary 
results indicate that 22 isolates representing 11 of the 19 species 
(including isolates of P. dissotocum, P. irregulare, and P. ‘vipa’) 
can cause Douglas-fir seedling mortality. 

The presence of a different predominant Pythium species at each 
of the three nurseries evaluated in this study illustrates the impor-
tance of species identification in assessing soil microbial com-
munities for potential plant pathogens. Hansen et al. (13) noted 
similar differences in the frequency of Pythium species identified 
from three forest nurseries located in Oregon and Washington dur-
ing a fumigation study. They found that P. mamillatum was the 
predominant species isolated at one forest nursery in Oregon 
(>70%), but P. irregulare was more frequently isolated at the nurs-
ery in Washington and the second nursery in Oregon (>60 and 
43%, respectively). Currently, management of weeds and soilborne 
pathogens in forest nurseries relies on soil fumigation with methyl 
bromide and chloropicrin, or other chemical fumigants (13,17). 
Because fumigation acts nonselectively against a broad spectrum 
of microbes, the identification of genera usually assumed to be 

pathogenic (i.e., Pythium) to species has often been neglected in 
forest nurseries. As fumigant use decreases due to increasing state 
and federal regulations, integrated pest management (IPM) prac-
tices and knowledge about the presence and species identity of 
soilborne pathogens will become critical for effective disease man-
agement. Isolates of Pythium species collected during this study 
will be evaluated for pathogenicity, host range, and fungicide resis-
tance. This information will then be used to develop IPM strategies 
that target those Pythium species that damage conifer seedlings in 
forest nurseries. 

The ITS sequences of isolates designated as P. ‘vipa’ in the pre-
sent study were nearly identical to that published by Klemsdal et 
al. (22). However, in contrast to their observation, the P. ‘vipa’ 
isolates in this study were more similar to those of P. irregulare 
group IV than to those of P. irregulare group III (98% sequence 
identity to AB108002 and AB108004 versus 94 to 95% identity to 
AB108001 and AB108003, respectively) as described by Matsu-
moto et al. (31). The ITS sequence of these isolates was consis-
tently different (≥14 nucleotide differences) from the ITS se-
quences of P. irregulare group III and IV isolates, the next closest 
two matches in the P. irregulare species complex. Morphologically, 
the P. ‘vipa’ isolates matched the description provided by Klems-
dal et al. (22), and no sporangia or zoospores were produced from 
single spore cultures tested with an aqueous salt solution (data not 
shown). However, the fact that this species was abundantly isolated 
by both baiting methods suggests that zoospores might be pro-
duced under certain conditions. 

Dilution plate and baiting assays have the advantage of being 
relatively easy to implement and assess. Both assays provide cul-
tures of the organisms for use in additional studies. However, as 
demonstrated in this study, each assay can also have a significant 
impact on the diversity of Pythium species recovered. Several rea-
sons may account for these differences (1,36–38). For example, 
baiting methods may initially select for species that are able to 
quickly form sporangia and release zoospores (1). The short period 
of assessment following plating of soil and baits then favors 
Pythium species that grow rapidly (38). Slower growing species, or 
those unable to form sporangia and zoospores in the baiting assay, 
are less likely to be detected by these methods. Furthermore, each 
of the three methods utilized a different carbon source (V8 juice 
agar versus the two plant baits), which may select for Pythium 
species that are best able to colonize each substrate. Despite these 
inherent biases, these isolation methods continue to be popular 
among researchers for assessing Pythium species diversity 
(3,13,19,35). 

Homothallism and heterothallism have been suggested to affect 
whether baiting or plating methods are more appropriate for isola-
tion of Phytophthora species (7,20), and the concept may also 
extend to Pythium species. Ferguson and Jeffers (7) suggested that 
baiting was a better method for detecting homothallic species of 
Phytophthora than soil plating because the oospores of these spe-
cies do not consistently germinate on selective agar media (20). 
Conversely, heterothallic species that do not routinely produce 
oospores in soil are detected more easily by plating onto selective 
media than by baiting. Conflicting evidence for the effect of 
homothallism and heterothallism on isolation of Pythium species 
was observed in the present study. Although the homothallic spe-

Table 3. Evenness, diversity, and dominance indicesx of Pythium species isolated from soils sampled at three forest nurseries in Oregon and Washington in 
2008 using three isolation methodsy 

 Evenness index E5 Shannon’s diversity index H′  Simpson’s dominance index D  

Nursery Platez Rhod. Doug. Plate Rhod. Doug. Plate Rhod. Doug. 

A 0.5 (0.04) a 0.4 (0.05) a 0.5 (0.09) a 0.8 (0.09) a 1.2 (0.11) a 1.8 (0.09) a 0.6 (0.04) a 0.5 (0.05) a 0.3 (0.06) a 
B 0.9 (0.07) b 0.4 (0.12) a 0.6 (0.10) a 1.8 (0.13) b 1.0 (0.10) a 0.9 (0.05) b 0.2 (0.03) b 0.6 (0.09) a 0.5 (0.07) a 
C 0.8 (0.07) b 0.3 (0.14) a 0.4 (0.10) a 2.0 (0.07) b 1.2 (0.18) a 1.6 (0.14) ab 0.2 (0.02) b 0.6 (0.16) a 0.4 (0.09) a 

x Mean jackknifed values (and standard errors) for each index (28,29). 
y Pythium was isolated from 24 soil samples collected at each nursery by plating a soil suspension on PARP agar medium (Plate) (21), or by baiting soil 

samples with rhododendron leaf disks (Rhod.) or Douglas-fir needle segments (Doug.) (27). 
z Index values followed by the same letter are not significantly different (P = 0.05). n = 100 isolates per mean. 
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cies P. dissotocum was detected more frequently by baiting than by 
plating, the opposite was observed for P. irregulare and P. ultimum 
var. ultimum, two other homothallic species. The heterothallic spe-
cies P. sylvaticum, and the closely related P. irregulare groups III 
and IV (24,31), were rarely detected by baiting in the present 
study. Schroeder et al. (38) were similarly unable to isolate P. 
sylvaticum by baiting with grass blades. On the other hand, isolates 
of P. aff. macrosporum and P. ‘vipa’, which are closely allied with 
heterothallic species (P. macrosporum and P. sylvaticum, respec-
tively), were more frequently isolated by baiting. P. aff. macro-
sporum isolates obtained in this study only produced oospores in 
paired cultures, suggesting that these isolates are heterothallic. 
However, it should be noted that the thallism of P. ‘vipa’ has not 
yet been established. As a result of these observations, it appears 
that neither homothallic nor heterothallic Pythium species are 
preferentially isolated by either plating or baiting methods. It does 
appear, however, that direct soil plating is preferable for the detec-
tion of the heterothallic species P. sylvaticum and P. irregulare 
groups III and IV. 

Based on results from this study, the dilution plate method had 
several advantages over the baiting methods in assessing Pythium 
species from forest nursery soils. First, the dilution plate method 
allowed for easy quantification of Pythium propagules per gram of 
soil. Second, dilution plating was the only method that distin-
guished among the three nurseries based on Pythium isolation fre-
quency. Third, dilution plating consistently enabled detection of all 
of the most frequently isolated species (i.e., >10 isolates of a spe-
cies were observed). Although species such as P. dissotocum, P. aff. 
macrosporum, and P. ‘vipa’ were isolated less frequently by dilu-
tion plating than by baiting, dilution plating was the only method 
that enabled detection of P. sylvaticum and P. irregulare group IV. 
The only species that were not consistently isolated by dilution 
plating were those that were rarely encountered within each nurs-
ery (<10 isolates per species) such as P. middletonii. Once these 
eight infrequently isolated species were removed from quantitative 
analyses, the dilution plate method detected more of the common 
species than either baiting method at nurseries B and C. Finally, 
dilution plating allowed nurseries B and C to be distinguished from 
nursery A based on evenness and dominance indices. The method 
also provided two of the three greatest values (H′ = 1.8 and 2.0) for 
the Shannon diversity index. 

As a result of this study, several Pythium species have been 
added to the list of species known to be associated with forest nurs-
ery soils in the PNW. Once pathogenicity and aggressiveness stud-
ies are completed, this knowledge will be valuable for the develop-
ment of management strategies to target those Pythium species that 
cause disease in conifer seedlings. In addition, the study illustrates 
the importance of understanding the selection bias inherent to 
pathogen detection methods. Each isolation method significantly 
affected which Pythium species were detected, as well as their 
respective isolation frequencies. This information allows research-
ers to select the method that best detects a particular Pythium spe-
cies. Molecular techniques, such as real-time PCR, may offer a less 
biased approach for quantification of Pythium species from soils 
(38). However, knowledge of the Pythium species obtained from 
this study is critical for the development of species-specific prim-
ers utilized by these approaches. Finally, the results confirm that 
soil sample storage for 2 weeks at 4°C does not significantly affect 
Pythium species richness or abundance compared to soils tested 
immediately after sampling. This finding allows more flexibility in 
the allocation of time for soil sample processing and enhances the 
efficient use of time and labor. 
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