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Abstract:  
From 2020 to 2022, two lettuce diseases, Impatiens Necrotic Spot Virus (INSV) and Pythium 
Wilt resulted in hundreds of millions of dollars in gross revenue losses. INSV is transmitted by 
the western flower thrips, Frankliniella occidentalis, while Pythium Wilt is caused by the 
soilborne oomycete, Pythium uncinulatum. Co-occurrences of INSV and Pythium Wilt have 
caused much confusion, hindering the selection of appropriate management strategies, and 
creates a need to understand the relationship between the two pathogens when co-infecting 
lettuce. Furthermore, there is opportunity to improve existing thrips surveillance strategies to 
identify populations that are actively vectoring INSV. To fill these gaps in knowledge, we sought 
to, 1) Characterize INSV and Pythium Wilt interactions in lettuce and generate new detection 
tools to identify co-infections, and 2) Develop new tools to identify thrips populations that are 
vectoring INSV. We report on the accomplishments made during the first year of the total project 
(2022 – 2025), in which we’ve developed a new diagnostic tool to detect and quantify INSV and 
P. uncinulatum from co-infected lettuce plants and have successfully developed a tool to identify 
western flower thrips and simultaneously determine their status as vectors for INSV. The 
resources enable us to characterize the interplay between two of the most important pathogens 
affecting lettuce production and to identify thrips populations that are actively vectoring INSV. 
The tools will be implemented throughout the remainder of this project, while enhancing other 
projects that are currently supported by the California Leafy Greens Research Program.  
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Objectives: 
 
1. Characterize INSV and Pythium Wilt co-infections in lettuce and create new diagnostic tools. 

1.1: Lettuce susceptibility due to INSV and Pythium Wilt co-infections. 
1.2: Temperature effects on INSV and Pythium Wilt co-infections. 
1.3: Molecular tools for detecting INSV and Pythium Wilt co-infections. 
Deliverables: Greater understanding of the effects of INSV and Pythium Wilt co-infections 
and molecular tools that improve the diagnostics and in-field management of both diseases. 
 

2. Develop new surveillance technologies for monitoring thrips vectors. 
2.1: Efficient tools for detecting INSV from thrips vectors. 
2.2: Non-destructive methods for monitoring thrips populations. 
Deliverables: Efficient tools to monitor and identify thrips populations that are vectoring 
INSV 

 
Procedures: 
 
Objective 1: Characterize INSV and Pythium Wilt co-infections in lettuce and create new 
diagnostic tools. 
 
Objective 1.1: Lettuce susceptibility due to INSV and Pythium Wilt co-infections, and 
Objective 1.2: Temperature effects on INSV and Pythium Wilt co-infections. 
INSV inoculations were performed using virus-free western flower thrips derived from a colony 
maintained on green beans at the USDA-ARS in Salinas, CA. To obtain viruliferous adults that 
are capable of transmitting INSV, first larval instars (L1) were collected within 16 hours after 
emerging from eggs and transferred to INSV-infected datura plants (Datura stramonium) to feed 
for a 48 hr acquisition access period (AAP). Larvae were then transferred back to green beans 
and reared until adulthood. Two newly emerged viruliferous adults were placed in a clip-on cage 
and transferred to romaine lettuce plants (var. Duquesne, Holbrook, Parris Island Cos) to feed for 
a 48 hr inoculation access period (IAP). Thrips and inoculated lettuce plants were tested to verify 
the efficiency of thrips acquisition of INSV and virus infection of lettuce plants. 
 For Pythium uncinulatum inoculations, a soil inoculation method is currently being 
developed to mimic the natural soil infection. The inoculation protocol follows a previously 
described assay with modifications (Del Castillo Munera et al., 2016). Briefly, P. uncinulatum 
cultures will be mixed with autoclaved millet seeds and incubated for 10-days. Infested millet 
seeds are then mixed with potting soil mix, where lettuce seedlings will be transplanted and 
further inoculated with INSV as described above. This method is currently under optimization 
and tested with different P. uncinulatum isolates and lettuce growing conditions. 

During the next phase of this project, experiments will be conducted to assess the effects 
of INSV infection on lettuce susceptibility to Pythium Wilt, as well as the effect of temperature 
on co-infections by the two pathogens as described in the original proposal. 
 



Objective 1.3: Molecular tools for detecting INSV and Pythium Wilt co-infections. 
Previously, quantitative PCR (qPCR) primers for P. uncinulatum were developed by Dr. Frank 
Martin at USDA in Salinas, CA, and Dr. Timothy Miles at Michigan State University. The 
primer sequences were provided to Hasegawa to develop a multiplex assay to detect P. 
uncinulatum and INSV.  
 Root tissue was extracted for both DNA and RNA to recover the genetic material of both 
pathogens (DNA for P. uncinulatum; RNA for INSV). DNA and RNA was combined at a fixed 
concentration and reverse-transcribed to cDNA and used as the input material for the multiplex 
qPCR assay. The assay was tested using natural in-field lettuce infections and confirmed using 
culturing methods for P. uncinulatum and TAS-ELISA for INSV.  
 
Objective 2: Develop new surveillance technologies for monitoring thrips vectors. 
 
Objective 2.1: Efficient tools for detecting INSV from thrips vectors. 
A quantitative PCR (qPCR) diagnostic tool was developed due to its potential to simultaneously 
screen for up to five candidate genetic targets. Primers were developed to amplify unique regions 
of the genomes belonging to, 1) western flower thrips (Frankliniella occidentalis) to first identify 
the primary vector for INSV, 2) INSV to determine whether the thrips sample was actively 
vectoring INSV, 3) onion thrips (Thrips tabaci), which another thrips species that is occasionally 
found in the Salinas Valley and is the primary vector for Iris yellow spot virus, and 4) the RPL32 
gene, which an internal positive control for western flower thrips. The diagnostic tool was 
validated using western flower thrips reared in a colony at the USDA-ARS in Salinas, CA and 
western flower thrips that had acquired INSV using protocols described in Objective 1.  
 
Objective 2.2: Non-destructive methods for monitoring thrips populations. 
Trap designs were based on a combination of active capture methods (color) and passive 
methods (wind) to improve the ability to mass capture thrips and conduct testing for INSV. The 
initial trap prototype was 3D printed at UC Davis in collaboration with Dr. Ian Grettenberger and 
are currently being optimized for testing in the field.  
 
Results: 
 
Objective 1: Characterize INSV and Pythium Wilt co-infections in lettuce and create new 
diagnostic tools. 
 
INSV inoculations were performed using virus-free western flower thrips derived from a colony 
maintained on green beans at the USDA-ARS in Salinas, CA. Early studies verified successful 
acquisition of INSV by western flower thrips larvae and subsequent transmission to lettuce 
plants when two adults were allowed to feed on lettuce for 48 hours (Figure 1). Testing on a 
subset of adult thrips, 7 out of 9 thrips tested positive for INSV, suggesting a high efficiency of 
acquisition and transmission under our controlled environment. Since then, further optimization 
of protocols is ongoing to increase the acquisition and transmission efficiency to 100%. 



Studies conducted in the Summer of 2022 demonstrated that INSV consistently localizes 
to the root tissue of lettuce plants (Figure 2A). This finding strengthened our hypothesis that 
INSV could be altering root physiology and susceptibility to Pythium uncinulatum. Furthermore, 
the results justified targeting the root tissues for detecting INSV and P. uncinulatum. A multiplex 
quantitative-PCR (qPCR) assay was developed in collaboration with Dr. Frank Martin (USDA-
ARS, Salinas, CA) and Dr. Timothy Miles (Michigan State University), in which PCR primers 
and probe sequences for P. uncinulatum were provided to the Hasegawa lab and then coupled 
with primers and probes that had been developed for INSV. Considering that INSV has an RNA 
genome and P. uncinulatum has a DNA genome, protocols were developed in the Summer of 
2022 to extract both nucleic acids and allow for detection and quantification of the two 
pathogens from the same root tissue (Figure 2B). 

The multiplex qPCR assay was then applied to field samples following some of the first 
field reports of INSV and Pythium Wilt occurring in the Salinas Valley in 2023. The assay was 
tested on lettuce from 6 commercial fields, 4 of which were confirmed for the presence of both 
pathogens using the assay. In one of the fields that tested positive for both pathogens, six plants 
were selected based on symptom severity of INSV and Pythium Wilt disease (Figure 3A). 
Interestingly, roots that showed minor symptoms had the highest levels of INSV and lowest 
levels of P. uncinulatum. In contrast, roots that had severe symptoms had the lowest levels of 
INSV and the highest levels of P. uncinulatum (Figure 3B-D). All six root samples were 
confirmed for the presence of pythium using culturing methods in the Dundore-Arias lab. 

 
 



 
 
Figure 1: INSV inoculations of lettuce using western flower thrips. Experiments to 
characterize the timing of INSV and Pythium uncinulatum co-infections will utilize methods that 
represent natural INSV infections by its vector, the western flower thrips. A) Virus-free western 
flower thrips colony reared on green beans in the laboratory at the USDA-ARS in Salinas, CA. 
B) Access to the first larval instars (L1) of western flower thrips is a critical step for acquiring 
INSV. C) L1s are transferred to INSV-infected Datura leaves for a 48 hr acquisition access 
period (AAP). Following the 48 AAP, larvae are then transferred back to green beans and reared 
to adulthood (not shown). D) Adult thrips that acquired INSV at the L1 stage are transferred to 
clip-on cages (2 adults per cage) and allowed to feed on lettuce for a 48 hr inoculation access 
period (IAP). E) Lettuce plant showing early INSV symptoms after thrips inoculations. F) 
Confirmation of INSV infection of thrips using conventional multiplex RT-PCR. Lanes 1-9: 
individual adult thrips tested for the presence of INSV. In this case, 7/9 adults tested positive for 
INSV and since then, the protocols for INSV acquisition have been further optimized. Lane 10: 
no template negative control. The current acquisition and transmission protocols allow for 
controlled inoculations by western flower thrips at specific time points to further characterize co-
infection patterns with P. uncinulatum. 



 
 
Figure 2: Development of a quantitative PCR (qPCR) assay for simultaneous detection of 
INSV and P. uncinulatum. A) Field evaluations of INSV from a single ranch during the 
summer of 2022. Twenty different romaine lettuce plants (var. Abilene) were evaluated weekly 
for INSV symptoms on the leaves (blue) and tested for INSV using TAS-ELISA on the leaf 
tissue (green) and root tissue (yellow). During weeks 1 and 2, the entire root sample was used for 
plating to detect Pythium uncinulatum by Dundore-Arias Lab at CSUMB, and therefore, were 
not tested for INSV. Evaluations were not performed week 7. A total of six fields were 
evaluated, all of which provided evidence that INSV consistently localizes to root tissues of 
lettuce plants and justifies the development of a multiplex assay to detect INSV and the soilborne 
oomycete, P. uncinulatum from the root tissues. B) Root tissues were used to develop protocols 
for simultaneous detection of INSV and P. uncinulatum. Root tissues were homogenized and 
extracted for RNA and DNA, followed by reverse transcription to generate copy DNA (cDNA) 
for the qPCR assay. A total of 40 amplification cycles were performed. The cycle at which 
fluorescence crosses the threshold of detection (referred to as the Ct value) is inversely related to 
the abundance of the target gene belonging to each pathogen (i.e., the lower the Ct value, the 
greater the abundance of the pathogen). The lettuce gene, peroxin-4 is used as an internal 
positive control. 
 



  

 
 
Figure 3: Application of the qPCR multiplex assay for detecting INSV and P. uncinulatum 
in a commercial lettuce field. Lettuce plants exhibiting various stages of symptom severity 
caused by INSV and pythium were sampled from a conventional field in the spring of 2023. A) 
Left to right (1-6): Six lettuce plants exhibiting minor to severe symptoms of INSV and pythium 
infection. Top row showing the root and leaves; bottom row showing only the roots. B) All six 
samples tested positive for INSV and P. uncinulatum, but pathogen abundance varies. Cycle 
threshold (Ct) values from the qPCR multiplex assay for INSV and P. uncinulatum obtained for 
each of the six root samples. The Ct value is inversely related to the abundance of the target gene 
belonging to each pathogen (i.e., the lower the Ct value, the greater the abundance of the 
pathogen). The overlayed blue (INSV) and green (P. uncinulatum) arrows and triangles indicate 
the relative abundance of each pathogen in the roots and how abundance is inversely related to 
the Ct value. C) Raw data plot showing the Ct values for INSV and P. uncinulatum obtained 
from root sample number 1. D) Raw data plot showing the Ct values for INSV and P. 
uncinulatum obtained from root sample number 6. In all experiments, the lettuce gene, peroxin-4 
is used as an internal positive control. 
 



 
Objective 2: Develop new surveillance technologies for monitoring thrips vectors. 
 
A multiplex quantitative-PCR (qPCR) assay was developed to identify two common thrips 
species in the Salinas Valley, western flower thrips (Frankliniella occidentalis) and onion thrips 
(Thrips tabaci), as well as INSV, which is transmitted by the western flower thrips. Like the 
assay described in Objective 1, protocols were optimized to simultaneously detect both DNA 
targets (western flower thrips, onion thrips) and RNA targets (INSV) from a single sample. The 
protocol effectively determined the species and the INSV status from a single thrips (Figure 4A-
B). The assay was also effective at detecting onion thrips (Figure 4C) and both western flower 
thrips and onion thrips from a mixed population (Figure 4D). 
 We then applied the tools to field collected thrips samples. Adult thrips were sampled 
from flowers of various crops and non-crops during the Summer of 2022 and stored in ethanol 
until testing. So far, majority of the samples consisted of western flower thrips, however, some 
also contained onion thrips. None of the adults tested positive for INSV (Figure 4E). 

 



 
Figure 4: Development and application of a qPCR multiplex assay for identifying western 
flower thrips, onion thrips, and INSV from field collected thrips. A) Plot showing the 
amplification of a western flower thrips-specific gene and internal control for western flower 
thrips, RPL32. The assay was tested on a single adult thrips from a colony maintained at USDA-
ARS in Salinas, CA. B) Amplification of a western flower thrips-specific gene, RPL32, and 
INSV. The assay was tested on a single adult thrips that acquired INSV at the first larval instar 
stage at the lab at USDA-ARS in Salinas, CA. C) Amplification of an onion thrips-specific gene. 
The assay was tested on a group of field-sampled thrips in which western flower thrips was not 
identified. D) Amplification of an onion thrips-specific gene and western flower thrips-specific 
gene. The assay was tested on a group of field-sampled thrips in which both species were 
present. E) Results of the multiplex assay used to identify thrips species and their status as active 
vectors of INSV. Adult thrips were sampled from the flowers of each crop and tested. Positive 
control (19) a single adult thrips that acquired INSV at the first larval instar stage at the lab at 
USDA-ARS in Salinas, CA. 
 
Discussion: 
 
From 2020 to 2022, INSV and Pythium Wilt resulted in severe gross revenue losses in lettuce. 
During that time, co-occurrences of INSV and Pythium Wilt have caused much confusion, 
hindering the selection of appropriate management strategies, and creating a need to understand 
the interplay between the two pathogens when co-infecting a lettuce plant. Specifically, it is 
critical to understand if infection by one pathogen leads to greater susceptibility to infection by 
the other. 

We first determined that INSV consistently localizes to the root tissues of infected lettuce 
plants in addition to the leaf tissue. This observation further supports the hypothesis that INSV 
could be compromising lettuce health in regions of the plant (i.e., roots) where pythium 
infections occur, and thus, compromising the susceptibility of the plant to Pythium uncinulatum. 
The observation also served as the foundation for developing a diagnostic tool for detecting both 
pathogens in the root tissue. Previously, we utilized two separate diagnostic methods for 
detecting the two pathogens (TAS-ELISA for INSV and lab culturing for pythium), which 
limited our ability to determine pathogen abundance from a single sample. The new multiplex 
assay allows us to detect and quantify both pathogens from a single sample and enables us to 
carry out additional studies to understand the timing of infections by both pathogens. 

Interestingly, when we applied the multiplex assay to field samples, we found that in one 
field, the abundance of P. uncinulatum was highest in root samples that exhibited the most 
severe symptoms. In contrast, INSV was the highest in root samples that exhibited the mildest 
pythium symptoms and abundance. It is possible that the abundance of INSV in the roots 
diminish as pythium infections progress. However, additional research is needed and ongoing to 
further characterize the patterns of co-infections. We are continuing to apply the new tools in a 
second year of field trials in 2023 (see Dundore-Arias SB170 proposal), as well as under 
controlled greenhouse and growth chamber studies where we can control the timing of INSV 



inoculations by thrips and P. uncinulatum soil inoculations, which will provide further 
understanding of the interplay between both pathogens. 

The creation of new tools to identify several important thrips species and determine their 
status as vectors for INSV is important for identifying viruliferous populations, which pose the 
greatest risk to lettuce potential due to their ability to transmit INSV. Here, we successfully 
developed a tool to simultaneously detect western flower thrips, onion thrips, and INSV and 
implemented the tool on thrips that were collected from common flowering crops and non-crops 
in the Salinas Valley. The tool enables us to further screen thrips samples to identify source 
populations that are vectoring INSV. The resource is also valuable for coupling with mass 
capture methods for thrips, and together, will enhance monitoring efforts for thrips in the Salinas 
Valley. 
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