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ABSTRACT 
 Pythium root rot and wilt of lettuce plants caused by Pythium uncinulatum is becoming 
an increasing problem in Salinas Valley lettuce production.  Currently there are no techniques for 
quantification of the pathogen in the soil, and while culturing the pathogen on selective medium 
can be done to confirm the presence of the pathogen, this takes several days to complete.  With 
this project we propose to use two different molecular diagnostic technologies for developing a 
diagnostic assay for detection of the pathogen.  A TaqMan real time qPCR will be developed 
first to confirm the uniqueness of the region of the genome targeted by the assay as well as 
provide a means for quantifying the pathogen in soil samples.  Next an isothermal assay using 
recombinant polymerase amplification (RPA) will be developed using the same region as the 
TaqMan assay.  The advantage of the RPA technology is it does not require DNA extraction and 
can be completed directly in the field in as little as 20 minutes, thereby providing a rapid, field 
deployable diagnostic assay. 
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OBJECTIVES 
 
Objective 1: Develop a sensitive and highly specific TaqMan real time qPCR assay for detection 
of P. uncinulatum.  
 
Objective 2: Once the TaqMan assay has been validated and confirms the DNA region targeted 
is highly specific, the targeted region will be used to develop an isothermal RPA assay for rapid 
pathogen detection.  
 
Objective 3: The TaqMan assay will be validated for determining the population of the pathogen 
in field soil.  
 
PROCEDURES 

This project will be done in collaboration with colleagues at Michigan State University.  
Techniques used will be the same as reported in the above cited publications from the 
participant’s labs.  The TaqMan real time qPCR assay will be developed first since the 
parameters needed for designing an effective assay are well known. Validation of this assay will 
confirm the region of the genome targeted for the assay is highly specific as well as provide a 
tool for quantifying the pathogen in field soil.  The parameters for designing a highly specific 
RPA assay are less well understood (which is why we use the TaqMan assay to confirm the 
uniqueness of the targeted DNA sequence), but since the overall design approach of the assay is 
very similar to TaqMan (using specific primers and a probe) it is straightforward to transfer the 
TaqMan assay to an RPA assay (different primer combinations will need to be tested, but the 
general approach has worked well for us in the past). The division of labor for year 1 of this 
project is: 
 
Martin lab 

• Complete bioinformatic work identifying targeted regions of the mitochondrial genome 
and provide DNA sequence data to MSU collaborators. 

• Provide DNA samples of Pythium species our MSU collaborators do not have  
• Test the TaqMan qPCR assay developed by our MSU collaborators to ensure 

transferability of the technology, specificity, and sensitivity of detection when the assay 
is run in another lab 

 
Miles and Chilvers labs 

• Design TaqMan qPCR primers and probe specific for P. uncinulatum 
• Optimize amplification conditions when amplifications are done individually and 

multiplexed with an internal control to evaluate if PCR inhibitors are present 
• Test for specificity and sensitivity using purified DNA and mock plant samples 
• Validate with field samples collected from the Salinas Valley 
• As time allows, work on using this TaqMan assay for quantification of the pathogen in 

soil samples. 
• As time allows start working on transferring this TaqMan assay to the RPA detection 

platform 
 



RESULTS AND DISCUSSION 
 
Objective 1: Develop a sensitive and highly specific TaqMan real time qPCR assay for detection 
of P. uncinulatum.  
 
Using a comparative genomic approach with assembled mitochondrial genomes representing 
over 100 Pythium species it was observed that P. uncinulatum has a potential open reading frame 
1,107 bp long that is not found in other species (orf368).  Searching mitochondrial genomes of 
other species revealed the sequence of P. uncinulatum orf368 was unique.  Primers and probes 
were designed for two regions of this sequence and evaluated for specificity of detection with 
one selected for subsequent optimization and evaluation for specificity.  One was selected for the 
subsequent evaluation reported below. 
 

 
Table 1. Specificity of the qPCR and RPA assay against a panel of related oomycete species at 
0.1ng input DNA (qPCR) and 0.2ng (RPA). No amplification in the qPCR assay was observed at 
either 10ng (high-concentration) or 0.1ng (moderate-concentration) of input DNA for all off 
target species tested. The assay would only amplify Py. uncinulatum in specificity testing. Clade 
refers to the phylogenetic grouping of species as described in Levesque and de Cock (2004). 

Isolate ID Pythum clade qPCR cT RPA positive or negative
C-INSO 2-15 Py. monospermum A -a -

AR_262.S.1.6.A Py. aphanidermatum A - -
NDSO l 10-7 Py. adherens B - -

AR_15.S.2.7.A Py. aff. torulosum B - -
V-ARSO2 3-46 Py. angustatum B - -
C-ARSO2 5-12 Py. catenulatum B - -
C-MISO2 5-4 Py. contiguanum B - -
CBS_220.94 Py. folliculosum B - -
SDSO 7-31 Py. kashmirense B - -
INSO 1-8A Py. lutarium B - -
ILSO 5-49B Py. oopapillum B - -

IASO 10.16.27 Py. torulosum B - -
C-KSSO2 5-11 Py. acanthicum D - -
C-MICO2 5-16 Py. oligandrum D - -

MNSO 2-36 Py. minus E - -
C-MISO2 1-11 Py. acrogynum E - -
V-SDSO2 4-66 Py. carolinianum E - -

ILSO 2-19B Py. longisporangium E - -
CBS_112350 Py. ornacarpum E - -
CBS_217.94 Py. radiosum E - -
CBS_129728 Py. selbyi E - -
C-NDSO2 3-2 Py. caroliniarum E - -
C-KSSO2 5-20 Py. longandrum E - -
IASO 6-38.41R Py. attrantheridium F - -
AR_127.S.2.3.A Py. irregulare F - -
AR_260.S.2.8.A Py. kungmingense F - -

INSO 4-40 Py. spinosum F - -
NDSO 1-42 Py. sylvaticum F - -

C-NDSO2 6-1 Py. nagaii G - -
CBS_157.69 Py. undulatum H - -
NESO 4-30 Py. heterothallicum I - -

C-ILSO2 3-25 Py. ultimum I - -
KSSO 6-30 Py. ultimum var. sporangiferum I - -
Pyuncin_7 Py. uncinulatum J 22.45 +

V-INSO2 2-52 Py. nodosum J - -
V-NDSO2 2-55  Phy.  aff. rosacearum Phytophthora - -

MICO 2-45 Phy. dreschleri Phytophthora - -
KSSO 6-1 Phy. sansomeana Phytophthora - -

C-KSSO2 1-25 Phytopy. litorale Phytopythium - -
V-MISO2 6-46 Phytopy. megacarpum Phytopythium - -

NTF5B-16 Saprolegnia sp. Saprolegnia - -

water only control water - - -

0.1 ng per species was used to test the qPCR assay. 0.2 ng of each species was used to test the RPA assay



 
Plant and Soil Assays: Sensitivity of detection – a dilution series of purified DNA was evaluated 
for the relationship between DNA concentration and the amplification cycle when the results 
became positive (referred to as the Ct).  Assays were developed both for in-planta and in-soil 
testing for Py. uncinulatum. The plant assay utilizes a previously validated primer and probe 
combination to amplify and detect the plant cytochrome oxidase gene. The soil assay utilizes 
primers and probe specific to an exogenous DNA sequence, and a previously published internal 
control (Haudenshield and Hartman internal control – HHIC; Haudenshield and Hartman, 2011), 
which is added to each qPCR reaction. The internal controls are necessary to ensure qPCR 
conditions were adequate for amplification and increase confidence in true negative 
amplification of samples. The relationship for soil and plant assays were linear from 10 ng down 
to 0.00001 ng (equivalent to 10 fg) but at DNA concentrations of 1 fg amplification was 
inconsistent so the cut off for accurate and consistent quantification of the pathogen was set at a 
Ct of 35 (Figure 1). 
 

 
Figure 1. Relationship between Pythium uncinulatum DNA concentration (ng/sample) and when 
the amplification cycle when the results was considered positive (cycle threshold, Ct).  DNA 
concentrations below 0.00001 ng (10 fg) did not have consistent amplification so the Ct for the 
10 fg dilution was selected as a cutoff for accurate quantification. Red indicates the Py. 
uncinulatum plant assay with 100ng of lettuce DNA added. Blue indicates the soil assay with the 
exogenous control (HHIC) DNA fragment added. Green indicates only the Py. uncinulatum 
assay with no internal controls to compare efficacy. 
 
The Py. uncinulatum assay has been shown to be sensitive and specific whether it is used with 
plant or soil samples. 
 
Objective 2: Once the TaqMan assay has been validated and confirms the DNA region targeted 
is highly specific, the targeted region will be used to develop an isothermal RPA assay for rapid 
pathogen detection. 
 
Validation of the diagnostic assay in other labs – the procedure has been shared with the Martin 
lab, TriCal Diagnostics, and the Hasegawa lab for testing with plant samples. Miles lab (MSU), 
Michigan State University Diagnostic lab, TriCal Diagnostics (Steve Koike) have also validated 
the assay in their labs using a validation panel assembled by Dr. McCoy. Panels for both plant 
and soil samples were used to test the assay and confirm the technology can be transferred. This 



includes Panel 1: distinguishing between Py. uncinulatum DNA and off target species 
(distinguishing positive and negative); Panel 2: Limit of Detection (LOD) for plant and soil 
assays; and Panel 3: blind testing of known positive and negative samples for pathogen 
identification.  
 

 
Table 2. Multilab validation panel sent to collaborating labs to test the transferability of 
technology of both the plant (Plate A) and soil )Plate B) assays. Panel 1 tests the ability of the 
assay to distinguish between Py. uncinulatum and off target species for both plant and soil 
assays. Panel 2 tests the Limit of Detection (LOD) for Py. uncinulatum DNA in the plant and soil 
assays. Panel 3 tests the ability of the assay to identify Py. uncinulatum in blind, or unknown, 
samples. 2uL of each sample was tested in each reaction.  
 
Five laboratories validated the performance of the qPCR assay for plant and soil samples: 
Chilvers lab (Michigan State University) Michigan State University Plant and Pest Diagnostics 
lab, Hasegawa lab (USDA-ARS), TriCal Diagnostics (Steve Koike), and the Martin Lab (USDA-
ARS). All labs were able to identify the known positive and negative samples prepared in Panel 
1 for both the plant and soil assays (Panel 1; Table 2). The limit of detection for the assay 
between labs varied between 10pg/uL and 0.1pg/uL for the plant assay and was 1pg/uL for all 
labs with the soil assay (Panel 2; Table 2; Figure 2). All labs were able to identify infected 
lettuce and soil samples (Panel 3; Table 2), though the amplifications were later for labs where 
reagents and samples were shipped overnight on ice. However, the detection capabilities in the 
blind samples of the assay for labs that reagents were shipped to were the same as those tested at 
Michigan State University. 
 

Plate A 1 2 3 4 5 6
A P. uncinulatum 0.5ng/ul Py. uncinulatum 0.5ng/ul Py. uncinulatum 0.5ng/ul 1 9 5
B Pythium uncinulatum infected lettuce Py. uncinulatum 0.05ng/ul Py. uncinulatum 0.05ng/ul 2 10 6
C Pythium ultimum 0.5ng/ul Py. uncinulatum 5pg/ul Py. uncinulatum 5pg/ul 3 11 7
D Water Py. uncinulatum 0.5pg/ul Py. uncinulatum 0.5pg/ul 4 water 8
E P. uncinulatum 0.5ng/ul Py. uncinulatum 0.05pg/ul Py. uncinulatum 0.05pg/ul 5 1 9
F Pythium uncinulatum infected lettuce Py. uncinulatum 0.005pg/ul Py. uncinulatum 0.005pg/ul 6 2 10
G Pythium ultimum 0.5ng/ul Pythium sp. 0.5 ng/ul Pythium sp. 0.5 ng/ul 7 3 11
H Water Water Water 8 4 water

Panel 1

Plate B 1 2 3 4 5 6
Panel 1

A P. uncinulatum 0.5ng/ul Py. uncinulatum 0.5ng/ul Py. uncinulatum 0.5ng/ul 12 20 16
B Pythium uncinulatum infested soil Py. uncinulatum 0.05ng/ul Py. uncinulatum 0.05ng/ul 13 21 17
C Pythium ultimum 0.5ng/ul Py. uncinulatum 5pg/ul Py. uncinulatum 5pg/ul 14 22 18
D Water Py. uncinulatum 0.5pg/ul Py. uncinulatum 0.5pg/ul 15 water 19
E P. uncinulatum 0.5ng/ul Py. uncinulatum 0.05pg/ul Py. uncinulatum 0.05pg/ul 16 12 20
F Pythium uncinulatum infested soil Py. uncinulatum 0.005pg/ul Py. uncinulatum 0.005pg/ul 17 13 21
G Pythium ultimum 0.5ng/ul Pythium sp. 0.5 ng/ul Pythium sp. 0.5 ng/ul 18 14 22
H Water Water Water 19 15 water

Panel 1

Panel 2 Panel 3

Panel 2 Panel 3

Plant Assay

Soil Assay

Panel 2 Panel 3*



 
Figure 2. Limit of detection and regression plots from the multi-lab validation of the plant (A) 
and soil (B) qPCR assays. Samples were run in duplicate at each location, and only DNA 
concentrations in which both replicates amplified were used to establish the limit of detection. 
 
Once the loci was confirmed unique and the qPCR assay validated, an isothermal RPA assay was 
developed and validated. Primers 168F and 325R (30 bp each) from the qPCR assay were 
transferred to the RPA technology. The designed RPA probe was 49 bp long, where 36 bases are 
on the 5’ end, followed by a fluorophore (FAM) and quencher (Black Hole Quencher, BHQ-1) 
separated by 3 bases from each other, and a tetrahydrofuran (THF) replacing a base in between 



the fluorophore and quencher; and lastly a C3 spacer to block the probe from acting as an 
additional primer in the reaction. 
 
The RPA assay specificity was tested using the same panel of oomycetes tested in the qPCR 
assay (Table 1). The DNA of the 41 oomycete species was combined into eight pooled samples, 
with each pool containing purified DNA of five to six species. Pooled samples were tested at 0.2 
ng/µL final DNA concentration for each species within the pool. There was no observed 
amplification of any of the off target oomycete species with the RPA assay 
   
The sensitivity of the RPA assay was tested using purified P. uncinulatum DNA and crude plant 
extracts. P. uncinulatum free iceberg lettuce heads were used to produce the crude plant extracts 
used in sensitivity testing. Half a gram of lettuce leaf tissue was placed into plastic mesh 
grinding bags (ACC 00930; Agdia®, Elkhart, IN) with 5 mL General Extraction Buffer 2 
(GEB2; ACC 00130) prepared to the manufacturer's recommendations and ground until 
homogenous. Purified P. uncinulatum was then mixed into the crude plant extract for final 
concentrations of 0.5 ng – 0.000005 ng/µl before using in RPA reactions. The RPA assay LOD 
was determined to be 0.005 ng/µL (Figure 3). 
 

 
Figure 3. Limit of detection and regression plots for the Pythium uncinulatum RPA assay. Serial 
dilutions starting at 5 x 105 femtograms (0.5 ng) were tested in duplicate. Only DNA 
concentrations in which both replicates amplified were used to establish the limit of detection of 
the RPA assay. 
 
 
The developed RPA assay was then used to test field grown lettuce roots from California. These 
lettuce samples were all diseased with varying states of root rot. The RPA assay demonstrated 
comparable results to the qPCR assay. The RPA assays results were consistent with the qPCR 
results for plant samples in 6/10 samples.  Two samples with later Ct in the qPCR assay, 
22090701-1 (qPCR mean Ct = 31.76) and 22091202-3 (qPCR mean Ct = 30.53), were negative 
with the RPA assay due to the concentration of P. uncinulatum DNA being lower than the LOD 
of the RPA assay (Table 3). Two other samples were positive in the sub-samples used in the 



qPCR assay but negative in the sub-samples from the RPA assay, 22090701-2 and 22090908-4 
(Table 3).  
 

 
Table 3. Results from the RPA assay testing on field plants. Although the same lettuce root 
systems were tested in the qPCR and RPA assay, spatial differences in sampling the root system 
may influence results. 
 
 
Objective 3: The TaqMan assay will be validated for determining the population of the pathogen 
in field soil.  
 
Pathogen detection in soil – Internal controls were implemented for both plant and soil samples. 
The Py. uncinulatum soil assay utilizes the Haudenshield and Hartman Internal Control (HHIC), 
which is a randomized DNA sequence that does not cross react with the Py. uncinulatum assay 
target. Field soils were collected from naturally infested commercial lettuce fields in the Salinas 
area with diseased plants. A procedure for extraction DNA from 15 g of soil developed by Mike 
Matson in the Martin lab (Matson et al. 2024) was used to provide soil DNA from these samples 
to the Michigan State University collaborators for analysis with the qPCR assay. To evaluate if 
PCR inhibitors were present in the extracted DNA the HHIC internal control was used in testing.  
 

Sample
tap or feeder 
root sample

qPCR result** 
(Purified DNA)

RPA result 
(Crude extract)

22091305-2 Tap + +
22091602-2 Feeder + +
22090701-1 Tap late + (ct 31.76) negative
22091202-3 Tap late + (ct 30.53) negative
22090908-1 Tap + +
22091904-3 Feeder + +
22091305-4 Feeder + +
22091602-3 Feeder and Tap + +
22090701-2 Feeder + negative
22090908-4 Tap + negative

Lettuce head negative control* -- late + (ct 32.87) negative

* for qPCR this was purified DNA, for the RPA it was a crude plant extract in GEB2 
buffer. Samples from different lettuce heads for qPCR and RPA assay, respectively.
** qPCR results from Chilvers lab testing



 
Table 4. Results of the qPCR assay for Py. uncinulatum for 12 soil samples collected from 
commercial lettuce fields in the Salinas Valley exhibiting disease symptoms caused by this 
pathogen.  Important to note that the lower the cycle threshold (Ct) the earlier the detection 
occurred due to greater amounts of the pathogen’s DNA being present (there was a higher 
inoculum density in these samples). Green highlighted cells indicate that Py. uncinulatum was 
detected in levels that could be reliably quantified. Yellow highlighted cells indicate 1 of 2 
replications amplified. NA indicates that there was no amplification of Py. uncinulatum in that 
sample dilution 

 
The pathogen was detected in all soils and with the exception of soil sample 9 (Table 4). 
Quantification of the positive soil DNA samples showed that Py. uncinulatum was present at 
approximately 1x10-3 to 1x10-5 ng; how this relates to inoculum density in the soil has yet to be 
determined. This provides evidence that this assay can be used to determine the presence, 
absence, and abundance of Py. uncinulatum within soil DNA extractions.  
The successful implementation of the internal control (HHIC) for the soil assay will allow users 
to identify if qPCR inhibitors are present within the samples and make informed dilutions for 
problematic soil samples to acquire accurate results. The correlation between the Ct and 
pathogen inoculum density is also needed to evaluate risk to the grower (Bilodeau et al, 2012, 
Burkhardt et al. 2018). Martin lab is currently producing a Kanamyacin resistant Py. uncinulatum 
isolate so that these experiments can be performed and the relationship between inoculum 
density and disease risk can be identified. 
 
The validation experiments performed thus far for the Py. uncinulatum qPCR assay provides 
evidence that this assay is sensitive and specific to Py. uncinulatum DNA. Implementation of 
internal controls for both plant and soil samples will allow future users to adequately identify and 
correct samples with significant PCR inhibitors and provide confidence in true negative test 
results. Efforts have been made to evaluate the transferability of the technology with 
collaborators and release the assay for diagnostic use. Primers and probe for the RPA assay have 
been developed and validated, providing a rapid molecular diagnostic test that does not require 



extensive DNA extraction or purification. Production of a Py. uncinulatum antibiotic resistant 
mutant will allow for experiments on the relationship between inoculum density and Ct values, 
and allow further disease risk predictions to be made. This work is currently being prepared for 
submission to a scientific journal. 
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