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The Pacific Northwest produces over 95% of the nation’s processed red raspberries, valued at 

over $65 million. Two of the major soilborne pathogens effecting the production of raspberry in 

this region are the oomycete Phytophthora rubi, which causes root rot in red raspberry plants, 

and the plant-parasitic nematode Pratylenchus penetrans, also known as root lesion nematode. 

Current management of these two pathogens relies heavily on pre-plant soil fumigation. 

However, current regulations have made this practice more difficult and expensive. Additional 

issue with soil fumigation include lack of efficacy at deeper soil depths and an inability to 

penetrate old raspberry root material which remains in a field at the time of fumigation and may 

harbor soilborne pathogens. Phytophthora rubi can be effectively managed with application of 



 
 

   
 

post-plant fungicides, but few options exist for the post-plant management of P. penetrans. 

Knowledge of when or where these soilborne pathogens are present in the raspberry production 

system could provide valuable information for growers to target management practices. The 

objectives of this study were to 1) determine the residency time of P. penetrans in red raspberry 

roots, 2) determine the vertical distribution of P. penetrans in the soil at three different times 

within the re-planting process, and 3) determine the horizontal distribution within red raspberry 

fields of P. rubi and any factors that may be correlated with P. rubi incidence. For the first 

objective, P. penetrans infected raspberry roots were buried in the ground and nematode 

populations within the roots were monitored over time. To achieve the second objective, soil 

cores down to 90 cm were collected at three different times in two commercial fields: pre-

fumigation, post-fumigation and at planting. Pratylenchus penetrans soil populations were then 

monitored at each time. For the final objective, an intensive sampling strategy was employed in 

four commercial red raspberry fields in the Pacific Northwest with P. rubi DNA concentrations 

and visual disease rating, P. penetrans root and soil populations, soil texture and GPS data, 

including elevation data being collected. The results for P. penetrans root residency time 

demonstrated that P. penetrans can reside in roots from 6 to 8 months after plant removal. This 

indicates that P. penetrans has the ability to survive in root material up to and after the time 

when fumigation typically occurs. The results for the vertical distribution showed that P. 

penetrans was present at all sampling dates in both fields and nematodes survived in different 

areas of the soil profile depending upon soil type. Finally, the results from the horizontal 

distribution of P. rubi indicated that the pathogen is distributed throughout a field. While there 

were factors (elevations, soil texture, visual disease rating, or nematode population densities) that 

were related to P. rubi concentrations within a field, no universal relationship appeared between 



 
 

 

P. rubi DNA concentrations and measured factors between fields. This research shows that P. 

penetrans are not only surviving fumigation, but also provides potential answers to how and 

where they are surviving. The research also demonstrates that P. rubi is typically distributed 

throughout a field and its presence may be dependent on certain factors within a field, but no 

universal factors were related to P. rubi concentrations between fields. With this information, the 

knowledge base of the distribution dynamics of these two important red raspberry soilborne 

pathogens has been increased. Along with future research, this information has the potential to 

help growers target management practices and more effectively control these pathogens. 
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CHAPTER I: 

Literature Review 

1.1   Introduction 

Washington and Oregon produce a majority of the processed red raspberries in the United 

States, with Washington producing 95% of the country’s total.  Between the two states, the entire 

industry was valued at approximately $65 million in 2014 (United States Department of 

Agriculture, 2015).  Two of the most important factors limiting production in this region are the 

presence of two soilborne pathogens, Pratylenchus penetrans, a plant-parasitic nematode, and 

Phytophthora rubi, an oomycete that causes root rot (McElroy, 1991; Wilcox, 1991; Gigot et al., 

2013). Traditionally, management of these pathogens was achieved through pre-plant, broadcast 

fumigation.  However, new regulations have made fumigation more difficult and expensive.  The 

goals of this research include: 1) Determine the distribution of P. penetrans and P.rubi within 

raspberry fields; 2) Determine the vertical distribution of P. penetrans at several different 

sampling dates during the raspberry re-establishment timeline; and 3) Determine the residency 

time of P. penetrans within raspberry root material.  This information will provide growers with 

a better understanding of these biology and distribution of these pathogens and will allow for 

more educated and efficient management decisions. 

 

1.2   Pratylenchus penetrans 

Pratylenchus spp., root lesion nematodes, are the third most economically important type 

of plant-parasitic nematode to crop productivity worldwide following cyst nematodes 

(Heterodera spp. and Globodera spp.) and root knot nematodes (Meloidogyne spp.) (Davis and 

MacGuidwin, 2005). Of the Pratylenchus species, P. penetrans is the most important in red 
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raspberry production (Bélair and Khanizadeh, 1994; McElroy, 1977; Zasada et al., 2015).  

Pratylenchus penetrans has over 400 hosts that include commercial crops, cover crops, and weed 

species. This nematode is an obligate, migratory endoparasite (Davis and MacGuidwin, 2005).  

Both males and females are present in the population and this nematode can go through several 

generations in a single growing season depending on temperature. Females lay eggs in either soil 

or root material at a typical rate of one egg per day depending on environmental conditions 

(McElroy, 1991).  All stages of this nematode, except the egg stage, are infective and move 

between the soil and roots (Zunke, 1990), where they feed on and migrate through cortical 

parenchyma cells. 

Both feeding and migration of P. penetrans within a root can cause damage to the plant.  

While brief feeding on a cell typically does not cause cell death, longer periods of feeding do 

often result in cell death. Migration of P. penetrans within the root is accomplished by breaking 

down cell walls, causing death of the cells along the migration route (Zunke, 1990). 

Feeding and migration events of P. penetrans typically occur within small diameter feeding roots 

(Eissenstat, 1992).  Symptoms often appear as necrotic spots or lesions (McElroy, 1992).  These 

necrotic areas can collapse causing a reduction in fine root abundance, leading to aboveground 

symptoms of water and nutrient deficiency, such as chlorotic foliage and reduced growth, as 

uptake is reduced due to root damage (Wilder and Righetti, 1991; Davis and MacGuidwin, 

2005).  

Past field surveys have shown that P. penetrans is widespread in red raspberry fields in 

both Canada and Scotland (McElroy, 1977; Trudgil and Brown, 1978).  A recent survey in 

northwest Washington also showed the widespread prevalence of P. penetrans in this region 

(Gigot, 2011). Along with being widespread in this production system, P. penetrans has also 
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been shown to decrease productivity of red raspberry. Soil pre-treated with fumigants to reduce 

P. penetrans population densities significantly improved the growth of red raspberry compared 

to non-treated soil (Trudgil and Brown, 1978).  In other studies, soil that was infested with P. 

penetrans caused damage to raspberry plants during establishment and reduced yields.  Bélaire 

(1991) found that soil fumigation increased red raspberry yields by 98%, 59% and 18% over the 

first second and third year of the study, respectively, compared to non-fumigated soil.  Zasada et 

al. (2015) found similar result.  Over an 18-month trial across a number of commonly planted 

cultivars, plant biomass and yields were reduced by 77% and 92%, respectively, when 

comparing non-fumigated and fumigated soil.  

 

1.3   Phytophthora rubi 

Phytophthora spp. are one of the most economically important plant pathogens 

worldwide.  The most important species in red raspberry is Phytophthora rubi which causes root 

rot of raspberry (Wilcox, 1989).  Previously thought to be a variety of P. fragariae, it was 

elevated to a new species in 2007 (Man in’t Veld, 2007).  Phytophthora rubi is a polycyclic, 

homothallic oomycete which tends to thrive in poorly drained soils that remain at or near 

saturation levels (Erwin and Ribeiro, 1996).  These types of soil conditions are frequently found 

in lower lying areas of the field. 

There are multiple Phythophthora spp. which are pathogens of red raspberry, but it has 

been assumed that only one species, P. rubi, is responsible for the majority of root rot symptoms 

in the Northwest (Wilcox, 1989; Wilcox et al., 1993; Wilcox and Latorre, 2002). However, in a 

survey of both planting stock and established fields, only roughly half of Phytophthora infected 

samples were infected with P. rubi, possibly indicating more than one species may be the cause 
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of root rot or that it may be a disease complex (MacConnell, 2009). In a more recent study, 

symptomatic plants were sampled in western states (California, Oregon, and Washington) 

raspberry fields for the presence of Phytophthora spp.  Of the isolates identified, over 99% were 

P. rubi, indicating that P. rubi is the predominant causal agent of root rot of raspberry in the 

region (Stewart et al., 2014). 

Phytophthora rubi can survive in soil as either asexual chlamydospores or sexual 

oospores.  When proper soil conditions occur, spores will germinate producing mycelium and 

sporangia.  Upon development, sporangia will produce and release flagellated zoospores that can 

migrate to plant roots by moving through water that occupies pore spaces in the soil. After 

reaching a root, the zoospore will encyst and begin the infection process (Wilcox et al. 1993; 

Zentmyer and Brasier, 1983). 

Infected roots may show signs of reddish brown lesions that can migrate into the crown 

and lower stems in advanced stages of infection.  Symptoms of root rot caused by P. rubi include 

necrotic roots which reduces the plants ability to take up water and nutrients.  This leads to 

aboveground symptoms of chlorotic or scotched leaves, as well as reduced growth and yields 

(Erwin and Ribero, 1996). 

Symptoms of Phytophthora root rot typically occur in a clumped distribution within a 

field. Distribution of actual Phytophthora spp. pathogen densities within soybean and pepper 

fields has also been shown to be concentrated into clumps.  In some instances, the pathogen was 

detected outside of a cluster, however, at lower densities (Miller et al., 1997). The ability of the 

zoospores to move through water within the soil is important for the growth of the pathogen.  

Due to this, soil texture can play an important role in disease severity within a field.  In 
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raspberry, the detection of P. rubi was found to be negatively correlated with the silt content of 

soil (Gigot et al., 2013). 

 

1.4   Soilborne pathogen and plant-parasitic nematode management 

Due, in part, to the presence of P. penetrans and P. rubi, the productive lifespan of 

raspberry fields in the Pacific Northwest have decreased from over 10 years down to 5-7 years 

(Wilcox et al., 1993; McElroy, 1992). Currently the management of these organisms revolves 

around the use of pre-plant fumigation and to a lesser extent the use of post-plant treatments. 

The process of fumigation typically occurs within a short period of time.  Final harvest of 

fruit occurs during late summer after which plants are then treated or not treated with herbicides, 

depending on grower preference.  Canes are then removed by mowing and the field is deep-

ripped in multiple directions to disrupt compaction layers and then cultivated to prepare the field 

for fumigation. Pre-plant fumigation typically occurs during the fall when soil conditions are 

ideal with soil temperatures above 10°C and soil moisture at 50-70% of field capacity 

(https://ir.library.oregonstate.edu/xmlui/bitstream/handle/1957/24106/PNWNO598.pdf) 

In the past, the most commonly used fumigant was methyl bromide, a broad spectrum 

biocide that kills both nematodes and other pathogens by affecting biochemical pathways and 

protein synthesis (Ristaino and Thomas, 1997; Haydock et al., 2006; Zasada et al., 2010). While 

very effective, methyl bromide causes ozone depletion once it has volatized into the atmosphere.  

Environmental concerns have resulted in the worldwide phase-out of methyl bromide (Thomas, 

1996; Ristaino and Thomas, 1997). 

With the loss of methyl bromide, raspberry growers have turned to fumigation with 1, 3-

dichloropropene (1, 3-D) (Haydock et al., 2006; Ibekwe et al., 2001).  This chemical has a 
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similar mode of action in nematodes as methyl bromide and has provided adequate control of P. 

penetrans when applied as a pre-plant fumigant (Bélair, 1991; Zasada et al. 2010).  Often in 

raspberry production, 1, 3-D is combined with the fumigant chloropicrin since nematode control 

is not the only reason for soil fumigation (Zasada et al., 2010).  Chloropicrin is used for the 

control of weeds and other soilborne pathogens such as P. rubi (Haar et al., 2003; Hutchinson et 

al., 2000).  Another option for fumigation is the use of metam sodium which has been shown to 

be effective in controlling nematodes, but may give inconsistent results due to lack of volatility 

and its inability to move throughout the soil profile (Martin, 2003).  A synthetic form of allyl 

isothiocyanate has been recently registered and is an option for control of pathogens.  However, 

there is no evidence currently available for this fumigant in this production system against P. 

rubi and P. penetrans. 

Recent changes in fumigation regulations have made it increasingly difficult for growers 

to rely on soil fumigation as a management practice (United States Environmental Protection 

Agency, 2012). These new regulations have caused changes to allowable fumigation practices, 

including buffer zones, fumigation management plans, worker protection, and posting 

requirements.  Due to these new restrictions, growers may not be able to fumigate fields in the 

same manner as they have in the past. 

Along with these new restrictions, there are other concerns regarding the efficacy of soil 

fumigation in this production system.  One potential concern is the depth at which fumigation 

occurs.  Fumigants are typically injected into the soil with shanks at an approximate depth of 45 

cm.  Unlike methyl bromide, currently allowed fumigants do not move effectively downward in 

the soil profile (McGovern et al., 1998; Martin, 2003).  This means that if any pathogens are 

residing below the depth of injection, they may not come in contact with applied fumigants, and 
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could be a potential inoculum pool for the following planting. While largely based on root 

biomass distribution of the plant, it has been shown that P. penetrans can be found at depths of 

25 to 30 cm in red raspberry (Forge et al., 1998). Pratylenchus spp. have also been detected at 

and 60 and 70 cm in maize and up to 80 cm deep in apple orchards (Pudasaini et al., 2006). 

Another concern with traditional fumigation is the presence of infected root material that 

remains in the field when fumigation occurs.  As stated previously, typical preparation of 

raspberry fields for fumigation occurs very rapidly and does not involve removal of old root 

material. It has been shown that nematodes can survive in root material after plant removal 

(Forge et al., 2015), and that fungal pathogens, such as Armillaria mellea, can survive in woody 

root material after plant removal, creating an inoculum source for future plants (Filip and Roth, 

1977). Thies and Nelson (1987) showed that fumigation of tree stumps infected with Phellinus 

weirii was successful at reducing inoculum populations but did not entirely eliminate the 

pathogen from plant material.  While fumigation has been shown to reduce pathogen levels, it is 

possible that residual raspberry roots may be infected with P. penetrans and P. rubi and that the 

root may provide some sort of protection from fumigation.  Even with drastic reductions in 

populations, the polycyclic nature of these pathogens, means that even a small inoculum source 

can lead to large populations within a short period of time.  Also of concern with remaining root 

material in the field at fumigation is that it can prevent the soil from being sealed properly after 

fumigation.  This lack of sealing can cause plant material to act as a chimney causing fumigants 

to more readily escape into the atmosphere (Dow AgroSciences, Indianapolis, IN.) 

Once a raspberry planting is established, there are few opportunities to target soilborne 

organisms with management practices. In the past, the raspberry growers relied on the post-plant 

nematicide fenamiphos for the management of P. penetrans.  While effective, fenamiphos was 
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removed from the United States market in 2007 (United States Environmental Protection 

Agency, 2008).  Another nematicide that has been shown to be effective for post-plant 

suppression for P. penetrtans is oxamyl (Gilreath and Santos, 2008; Ingham et al., 2000; Walters 

et al., 2009; Zasada et al., 2010).  However, oxamyl is only registered for application on non-

bearing plants in Washington when applied at least 12 months prior to harvest (Du Pont, 

Wilmington, DE.).  Other post-plant nematicides have not been shown to be effective in the 

control of P. penetrans (Zasada et al., 2010). In a previous study, biologically derived products 

with reported nematicidal activity were tested on P. penetrans in strawberry. While products 

such as DiTera® and Promax® showed similar results to fenamiphos on suppressing P. 

penetrans after 72 h of exposure, these effects were lost after incubation of the nematodes in 

water. Products such as SLS-CA (sodium lauryl sulfate and citric acid), showed nematicidal 

activity comparable to fenamiphos, but the concentrations used to obtain these results caused 

stunted plant growth.  Though there are products other than femaniphos which have nematicidal 

activity they require more intensive management, such as multiple applications. These products 

also had little effect on populations of P. penetrans in roots, where a significant portion of the 

population survives (Pinkerton and Kitner, 2006). 

Similar to control of P. penetrans, post-plant control of P. rubi is reliant on pesticide 

applications.  The main fungicides used for this purpose is mefenoxam and metalaxyl.  In 

previous studies, other Phytophthora spp. have been shown to develop resistance to these 

chemicals (Chang and Ko, 1990; Hermansen et al., 2000; Lamour and Hausbeck, 2000). A study 

including a limited number of isolates of P. rubi from OR, CA, and WA did not detect a 

resistance problem to mefanoxam in these red raspberry production fields (Stewart et al., 2014).

 Several alternatives to traditional chemical control of soilborne pathogens have been 
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studied and implemented in other production systems.  These include soil solarization, cover 

crops, biological control agents, organic soil amendments, and crop rotation (Evenhuis et al. 

2004; Ferris and Zheng, 1999; Forge and Kempler, 2009; Katan et al., 1976; Pinkerton et al., 

2000; Pinkerton et al., 2002; Rudolph and DeVetter, 2015; Thomas et al., 2005; Walters and 

Pinkerton, 2012; Zasada et al., 2009).  Zasada et al. (2009) showed that brassicaceous seed meals 

obtained from Brassica juncea and Sinapis alba suppressed P. penetrans by >90% in laboratory 

assay. It has also been demonstrated that 0.5% v/v of B. juncea and 1.0% v/v of S. alba when 

added to the soil reduced populations of both P. penetrans and P. rubi in greenhouse studies 

(Gigot et al., 2013b).  However, when applied to field studies, treatments varied in their ability to 

reduce pathogen populations from year to year, and were found to be more effective when 

combined with soil solarization (Gigot et al., 2013b). Forge and Kempler (2009) demonstrated 

that the application of organic amendments, such as manure and mulches, had the ability to 

reduce damage from P. penetrans on raspberry.  The data support that these amendments help 

increase soil food web structure and encourage nematode anagonists, but may also promote plant 

health through changes in soil chemical properties.  Plant extracts might also be effective in 

suppressing plant-parasitic nematode, such as Tagetes erecta (marigold) which reduced plant-

parasitic nematode populations on papaya (Kahn et al., 2008).  Another species of marigold 

(Tagetes patula), was more effective at suppressing P. penetrans when grown before 

strawberries than fumigation with metam sodium (Evenhuis et al., 2004). Soil solarization has 

also been shown to have an effect in reducing Phytophthora root rot symptoms in red raspberry 

but is more effective when combined with other management practices (Pinkerton et al., 2000), 

and may be less effective on P. penetrans due to its ability to move in the soil profile (Elmore et 

al., 1997).  Some practices, such as crop rotation, are difficult strategies to implement.  Due to 
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the wide host range of P. penetrans (Davis and MacGuidwin, 2005) and the long term survival 

ability of oospores (Pathak et al., 1978) rotations would likely have to involve growing a less 

valuable crop for a number of years, an option that is not economically viable for many raspberry 

growers. 

Another alternative to traditional chemical control practices is to alter how fumigation is 

done in raspberry.  Traditionally, fumigation is broadcast applied to the entire field without the 

application of a plastic tarp.  This increases the total amount of area fumigated, leading to larger 

buffer zones required by new regulations (USEPA, 2015).  However, if only the areas of the bed 

are fumigated (excluding the alleyways), the total area fumigated can be reduced to about one 

third of broadcast fumigation resulting in smaller buffer zones.  This can be followed by 

applying a plastic film that will help reduce the amount of fumigant lost to the atmosphere, 

which also reduce the size of the required buffer zones (Ajwa and Trout, 2004; Gao et al., 2008). 

One other alternative control method for these pathogens is through the use of resistant 

germplasm for planting material.  Germplasm resistant to P. rubi has been developed, such as the 

variety Cascade Bounty.  However, only varieties with moderate resistance to P. rubi have 

shown to produce high quality fruit that meets individual quick frozen (IQF) standards, the 

highest grade for processed raspberries (Moore and Finn, 2007; Pattison et al., 2004).  Varieties 

resistant to P. penetrans continue to be investigated, but similarly to P. rubi resistance, any 

developed variety must have yield and quality attributes accepted by the industry (Vrain and 

Daubney, 1986; Zasada and Moore, 2014).  
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1.5   Conclusion 

Phythophthora rubi and Pratylenchus penetrans are two of the most important organisms 

affecting red raspberry production in the Pacific Northwest.  Raspberry growers currently 

struggle to manage these soil borne organisms due to loss of effective products, regulatory 

constraints, and lack of viable alternatives. To improve the way that raspberry growers currently 

manage these organisms and to increase the chance of alternatives to be effective, an 

understanding of where these pathogens survive and exist in the raspberry production system is 

essential.  

 The first goal of this study was to determine the horizontal distribution of both P. 

penetrans and P. rubi within red raspberry fields in the Pacific Northwest. The other goals of the 

study were to determine survival of P. penetrans within infected roots over time and the vertical 

distribution of P. penetrans at various sampling dates within the raspberry establishment 

timeline.  Alternative management practices have been studied, however some are not effective 

while others are not feasible.  Knowing more about the distribution of both P. penetrans and P. 

rubi within individual fields may provide growers with more information so that management 

practices can be targeted to correspond with the biology of these two destructive pathogens. 
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CHAPTER II: 

Distribution of Pratylenchus penetrans in Pacific Northwest red raspberry fields. 

2.1   Introduction 

The Pacific Northwest produces a majority of the processed red raspberries in the United 

States. Within this region, Washington produces 95% of the country’s total with an estimated 

value of $60 million in 2013 (United States Department of Agriculture, 2014). One of the most 

important factors limiting production in this region is the presence of the plant-parasitic 

nematode Pratylenchus penetrans (McElroy, 1991; Gigot et al., 2013a). 

Pratylenchus spp., root lesion nematodes, are the third most economically important 

genus of plant-parasitic nematodes to crop productivity worldwide following cyst nematodes 

(Heterodera spp. and Globodera spp.) and root knot nematodes (Meloidogyne spp.) (Davis and 

MacGuidwin, 2005). Of the Pratylenchus species, P. penetrans is the most important in red 

raspberry production (Bélair and Khanizadeh, 1994; McElroy, 1977). Pratylenchus penetrans 

has over 400 hosts that include commercial crops, cover crops, and weed species. This nematode 

is an obligate, migratory endoparasite (Davis and MacGuidwin, 2005). Both males and females 

are present in the population and this nematode can go through several generations in a single 

growing season depending on temperature. Females lay eggs in either soil or root material at a 

typical rate of one egg per day depending on conditions (McElroy, 1991). All stages of this 

nematode, except the egg stage, are infective and move between the soil and roots (Zunke, 

1990), where they feed on and migrate through cortical parenchyma cells. 

Both feeding and migration of P. penetrans within a root can damage the plant. While 

brief feeding does not typically cause extensive damage, longer periods of feeding may result in 

cell death. Migration of P. penetrans within the root is accomplished by the breakdown of cell 
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walls, causing death of the cells along the migration route (Zunke, 1990). Feeding and migration 

by P. penetrans typically occurs within small diameter fine roots (Eissenstat, 1992) and 

symptoms appear as necrotic spots or lesions (McElroy, 1992). These necrotic areas can 

collapse, causing a reduction in fine root abundance and leading to aboveground symptoms of 

water and nutrient deficiency, such as chlorotic foliage and reduced growth, as uptake is reduced 

due to root damage (Wilder and Righetti, 1991; Davis and MacGuidwin, 2005).  

Past field surveys have shown that P. penetrans is widespread in red raspberry fields in 

Canada, Scotland, and northwest Washington (Gigot, 2013b; McElroy, 1977; Trudgil and 

Brown, 1978). It has also been demonstrated that plants infested with P. penetrans have reduced 

establishment, growth, and yield (McElroy, 1977; Trudgil and Brown, 1978; Zasada et al., 2015). 

Due, in part, to the presence of P. penetrans, the productive lifespan of raspberry fields in 

northwest Washington have decreased from over 10 years to 5 to 7 years (Wilcox et al., 1993; 

McElroy, 1992). Currently, management of this nematode revolves around the use of pre-plant 

soil fumigation and, to a lesser extent, the use of post-plant nematicides. 

In the past, the most commonly used fumigant was methyl bromide (Ristaino and 

Thomas, 1997; Haydock et al., 2006; Zasada et al., 2010a). While very effective, methyl bromide 

causes ozone depletion, resulting in the worldwide phase-out of this compound (Thomas, 1996; 

Ristaino and Thomas, 1997). With the loss of methyl bromide, raspberry growers have turned to 

fumigation with 1,3-dichloropropene (1,3-D) (Haydock et al., 2006; Ibekwe et al., 2001). Often 

in raspberry production, 1,3-D is combined with the fumigant chloropicrin to help control other 

soilborne pathogens (Haar et al., 2003; Hutchinson et al., 2000; Zasada et al., 2010). Another 

option for fumigation is the use of metam sodium, which has been shown to be effective in 
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controlling nematodes, but may give inconsistent results due to lack of volatility and its inability 

to move throughout the soil profile (Martin, 2003).  

However, recent changes in fumigation regulations have made it increasingly difficult for 

raspberry growers to rely on soil fumigation as a management practice (United States 

Environmental Protection Agency, 2012). Along with these new restrictions, there are other 

concerns regarding the efficacy of soil fumigation. One potential concern is the depth at which 

fumigation occurs. Fumigants are typically injected into the soil with shanks at an approximate 

depth of 45 cm. Unlike methyl bromide, currently registered fumigants do not move effectively 

downward in the soil profile (McGovern et al., 1998; Martin, 2003). This means that if any 

nematodes reside below the depth of injection, they may not come in contact with applied 

fumigants, and could thus be a potential source of inoculum for the next planting. Pratylenchus 

penetrans can be found at soil depths of 25-30 cm in red raspberry (Forge et al., 1998). 

Pratylenchus spp. have also been detected 60-70 cm deep in maize fields and up to 80 cm deep 

in apple orchards (Pudasaini et al., 2006). Another concern with traditional fumigation is the 

presence of infected root material that remains in the field when fumigation occurs. Typical 

preparation of raspberry fields for fumigation occurs very rapidly. After a harvest, trellises are 

removed and plants are either treated or not treated with herbicide based on grower preference. 

The canes of the plants are then mowed down and left in the field. The field is then deep ripped 

and 1 to 2 months after the removal of the previous planting fumigation takes place. However, 

this process does not involve removal of old root material from the field soil before new 

raspberry stock material is planted in the following spring. There is potential that these old roots 

which are infected with P. penetrans (Forge et al., 2015) may provide protection from 

fumigation (Zasada et al., 2010). 
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The goals of this study were to determine 1) the longevity of P. penetrans within infected 

raspberry roots over time in a buried root assay under field conditions, and 2) the vertical 

distribution of P. penetrans in field soils from prefumigation to the end of the first growing 

season, approximately 6 months after planting, which corresponds to the raspberry establishment 

timeline. Knowing more about the biology and distribution P. penetrans may provide raspberry 

growers with more information to improve management. 

 

2.2   Materials and Methods 

2.2.1 Survival of P. penetrans in raspberry root material 

In order to evaluate the longevity of P. penetrans in roots over time, bags of nematode-

infested roots and autoclaved field soil were prepared for a buried root assay at two designated 

field sites. In September 2013, roots and soil were collected from a ‘Meeker’ raspberry field 

known to be infested with P. penetrans in Lynden, WA. At this time, the field was in the 

beginning stages of replanting. The trellises had been removed and the old canes mowed, leaving 

the roots and crowns of the plants in the field. Two different groups of roots were collected: roots 

from plants treated with herbicides prior to mowing (treated) and roots from plants that were not 

treated with herbicide (nontreated). Herbicide treatment included the application of both 

Roundup (glyphosate; Monsanto Company, St. Louis, MO) and Crossbow (2,4- 

dichlorophenoxyacetic acid, triclopyr BEE; Dow AgroSciences, Indianapolis, IN) both at a rate 

of 4.7 liter/ha. Roots were collected by digging around a plant crown with a shovel and pulling 

the root system out by hand. Both fine (< 1 mm in diameter) and course (> 1 mm in diameter) 

root materials were collected from treated and nontreated plants. Treated and nontreated roots 

were kept separate, and transported to the laboratory in coolers. Field soil, collected adjacent to 
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treated and nontreated plants, respectively, was added to the coolers to cover the corresponding 

root samples and prevent roots from desiccating. 

In the laboratory, roots were shaken free of soil and the soil was reserved for 

incorporation into the root inoculum bags. While still keeping treatments separate, roots were 

then chopped into 2 to 6 cm-long pieces and mixed to create a homogenous mixture. To 

determine initial population densities of P. penetrans in the root material, 6 18 g subsamples of 

roots were collected from both herbicide-treated and nontreated roots and placed under 

intermittent mist for 7 days (Ingham, 1994). After extraction of nematodes, roots were then 

placed in a 65°C drying oven and weighed after 5 d to determine dry weights. Extracted P. 

penetrans were enumerated using a dissecting microscope at x40 magnification. The soil 

reserved after processing the roots was autoclaved for 30 min at 121°C and 103 kPa.  

To prepare root inoculum bags for placement in the field, 18 g of root material, a mixture 

of approximately equal mass of fine and course roots, was weighed and placed in a nylon bag 

(HanesBrands, Winston-Salem, NC). Approximately 250 cm3 of autoclaved field soil was then 

added to the bag. The nylon bag was tied off and a 60 cm piece of fishing line (South Bend, 

Northbrook, IL) was tied around the knotted end. The type of root material in the nylon bag was 

then indicated by tying colored surveyor’s flagging to the free end of the fishing line. A total of 

240 root inoculum bags were prepared for each treatment. 

Two field sites were selected for this experiment. The first location was at the Botany and 

Plant Pathology Farm in Corvallis, OR and the second location was in a commercial field in 

Lynden, WA. At each location a total area of 2,000 m2 was designated for the trials. This area 

was then divided into 10 4.5 m x 4.5 m blocks. Within each block, 24 holes were drilled in a 4 x 

6 m grid pattern using a two man auger with a 15 cm diam. bit (Ground Hog, San Bernadino, 
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CA) to a depth of 30 cm spaced 0.9 m apart. Then, a single bag of either herbicide-treated or 

nontreated roots was placed at random into each hole so that there were 12 bags of each 

treatment/block. Each hole was then filled while making sure that the flagging indicating 

treatment was visible aboveground. 

Starting 2 months after establishment of the trials, and occurring every 2 months 

thereafter until P. penetrans became undetectable in the roots on two consecutive sampling 

dates, one bag of each treatment type was removed at random from each block at each location 

(n = 10). For each bag, a trenching shovel was used to dig down to a sufficient depth so that the 

bag could be easily removed by pulling on the fishing line. Bags were placed in a cooler and 

transported to the laboratory. For processing, the bags were cut open and the roots inside were 

removed. The roots were washed to remove excess soil and P. penetrans was extracted by 

intermittent mist and roots were dried as described above. Extracted P. penetrans were then 

counted using a dissecting microscope at x40 magnification.  

Data was log10(x +1) transformed where x is the number of P. penetrans/g dry root to 

meet normality and equal variance assumptions. Data were then separated by field, collection 

date, and treatment. Analysis of variance was used to analyze the effects of treatment, block, 

sampling date and the interaction of treatment and sampling date, with treatment and sampling 

date being fixed and block being random effects. Data was then analyzed using Tukey’s honest 

significant difference test to adjust for multiple comparisons and determine if there were any 

significant differences between treatments and collection dates within a field. All statistical 

analyses were done using RStudio Version 0.99.491 (RStudio Inc., Boston, MA.). 
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Vertical distribution of P. penetrans in soil prior to and after fumigation 

In September 2014, two red raspberry fields in northern Washington known to have high 

population densities of P. penetrans were selected for this experiment. The first field was located 

in Lynden, WA and had a Lynden sandy loam soil type. The second field was located in 

Everson, WA and had a Puyallup fine sandy loam soil type. Surveys of the two fields in July 

2014, found P. penetrans population densities of 11,379/g dry root and 4,060/g dry root, 

respectively. Both fields recently had the raspberry plants removed and were being prepared for 

pre-plant fumigation with Telone C-35 (35% chloropicrin and 65% 1,3-dichloropropene; Dow 

AgroSciences) and were to be replanted in the following spring with the raspberry variety 

‘Meeker’.  

Within each field, 10 permanent sampling locations, spaced at least 18 m apart, were 

randomly selected. Soil samples, including any associated roots, were collected four times during 

the raspberry establishment timeline from each location. The first sampling (pre-fumigation) 

took place two weeks before fumigation in early September 2014, the second sampling (post-

fumigation) took place 4 weeks after fumigation (mid-October 2014), the third sampling (at 

planting) took place 25 weeks after fumigation (late March 2015), and the final sampling (post-

plant) took place 6 months after planting (October 2015). On the first three sampling dates, 

samples were collected using a 5 cm diam. x 1.2 m long stainless steel collection tube lined with 

a 4.5 cm diam. x 1.2 m long removable polyethylene terephthalate (PTEG) plastic collection 

liner (Giddings Machine, Windsor, CO). The collection tube was driven into the ground to a 

depth of 90 cm using a demolition hammer (Bosch, Farmington Hills, MI). A high-lift jack was 

then used to remove the collection tube from the ground. After removal, the plastic collection 

liner was removed from the steel collection tube and caps were placed on both ends (Howland et 
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al., 2014). Tubes were then stored in a cooler and transported to the laboratory for processing. 

Using a hacksaw, each plastic tube was divided into 15 cm increments. From each depth 

increment, roots, if any were present, were picked from the sample, washed free of soil, and then 

P. penetrans was extracted by intermittent mist and dry root weight determined as described 

above. Also from each depth increment, P. penetrans was extracted from soil by placing 50 g of 

soil on a Baermann funnel for 5 days (Ingham, 1994). Additionally, 50 g of soil was placed in a 

65°C drying oven and weighed after 5 days to determine soil moisture content. Extracted P. 

penetrans from both roots and soil were counted using a dissecting microscope at x40 

magnification. 

On the final sampling date (post-planting), root and soil samples were collected from 

established raspberry plants (n = 10). From each location, a 15 cm3 core was collected from each 

side of a plant using a square-blade shovel (Walters et al., 2009). Samples were placed in a bag 

and transported to the laboratory. Roots were separated from soil and nematodes in soil and roots 

were extracted and dry weights were determined as described above.  

Nematode data from roots recovered from cores was not included in the analyses because 

insufficient data was collected. For each field, nematode soil data were log10(x +1) transformed 

where x is the number of P. penetrans/100g dry soil to meet normality and equal variance 

assumptions. Data were then separated by depth and sampling date. Due to the spatial 

dependency of nematode populations based on depth within a sampling location and date, no 

analysis was done comparing populations between depths within the same date. However, 

analysis was conducted to determine differences between sampling dates within a sampling 

depth. Analysis of variance adjusted for repeated measure was used to determine the effects of 

the fixed effects of time, depth and the interaction of time and depth, and the random effect of 
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block. Tukey’s HSD test was used to adjust for multiple comparisons within each sampling 

depth. All statistical analyses were done using RStudio Version 0.99.491 (RStudio Inc., Boston, 

MA.). 

 

2.3   Results 

Survival of P. penetrans in raspberry root material 

At the time of bag burial, Oct 2013, initial P. penetrans population densities were not 

significantly different with 205 ± 52 and 242 ± 62 P. penetrans/g dry root in herbicide-treated 

and nontreated roots, respectively. Analysis of variance indicated that treatment, time, and the 

interaction of treatment and time were all significant in determining the number of P. penetrans 

recovered from each sample in both fields (p < 0.05). At the Lynden, WA field, P. penetrans 

population densities dropped to 1 ± 0.5 and 5 ± 2 P. penetrans/g dry roots for treated and 

nontreated roots, respectively, two months after burial of bags in the field (Dec 2013; Figure 1). 

Pratylenchus penetrans population densities in treated and nontreated roots remained at this 

same level over the next two sampling dates (Feb and April 2014). Eight months (June 2014) 

after burial of bags in the field, there was a marked decrease in P. penetrans population densities 

in nontreated roots to 1 ± 0.5 P. penetrans/g dry root. Ten and 12 months (Aug and Oct 2014) 

after the initiation of the experiment population densities had dropped to 0 P. penetrans/g dry 

roots in treated and nontreated roots, respectively (Figure 1). The only sampling date at which a 

significant difference (p = 0.003) in P. penetrans population densities in treated and nontreated 

roots was detected was at 6 months (April 2014; Figure 1). 

 At the Corvallis, OR field a similar decrease over time of P. penetrans population 

densities in roots was observed. Initially, two and four months after bag burial (Dec 2013 and 
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Feb 2014), there were fewer P. penetrans remaining in treated roots compared to nontreated 

roots (p ≤ 0. 007; Figure 2). On average there were 7 ± 1 P. penetrans/g dry nontreated root 

across these sampling times compared to 2 ± 1 P. penetrans/g dry treated root. Starting in April 

2014, 6 months after bag burial, population densities of P. penetrans were similar in treated and 

nontreated roots, averaging 1 ± 0.2 P. penetrans/g dry root. Pratylenchus penetrans was 

undetectable in treated roots eight months after bag burial, while in nontreated roots P. penetrans 

was undetectable 10 months after bag burial (Figure 2).  

 

Vertical distribution of P. penetrans pre- and post-fumigation 

Time, depth, and the interaction of time and depth were significant in determining the 

number of P. penetrans recovered for both fields. At the Lynden, WA field, P. penetrans was 

present at all depths down to 90 cm prior to soil fumigation (Figure 3). Mean populations ranged 

from 206 ± 131 P. penetrans/100 g dry soil at 16 to 30 cm to 5 ± 3 P. penetrans/100 g dry soil at 

61 to 75 cm. After fumigation, P. penetrans population densities decreased at all soil depths 

compared to pre-fumigation densities. However, this decrease was only significant (p < 0.05) at 

0 to 15 cm, 16 to 30 cm, and 31 to 45 cm. Mean post-fumigation populations ranged from 44 ± 

21 P. penetrans/100 g dry soil at 16 to 30 cm to 0 P. penetrans/100 g dry soil at 61 to 75 cm and 

76 to 90 cm. At planting, P. penetrans population densities in soil decreased at 0 to 15 cm and 31 

to 45 cm compared to post-fumigation densities (p < 0.05). The only depth where an increase in 

P. penetrans population densities was detected was at 61 to 75 cm, where there were 0 P. 

penetrans/100 g dry soil post-fumigation and then 2 ± 1 P. penetrans/100 g dry soil at planting, 

however, this increase was not significant. At planting mean population densities ranged from 2 

± 1 P. penetrans/100 g dry soil at 0 to 15 cm, 16 to 30 cm, and 61 to 75 cm to 0 P. penetrans/100 
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g dry soil at 76 to 90 cm. Six months after planting, nematode populations averaged 364 ± 86 P. 

penetrans/100 g dry soil at 0 to 15 cm. 

At the Everson, WA field, P. penetrans was present at all depths prior to fumigation 

(Figure 4). Mean population densities ranged from 46 ± 18 P. penetrans/100 g dry soil at 16 to 

30 cm to 13 ± 4 P. penetrans/100 g dry soil at 46 to 60 cm. Mean post-fumigation population 

densities decreased significantly compared to pre-fumigation at depths of 0 to 15 cm, 16 to 30 

cm, 31 to 45 cm, and 46 to 60 cm with 0 P. penetrans/100 g dry soil (p < 0.05). Pratylenchus 

penetrans was detectable at 61 to 75 cm and 76 to 90 cm with 6 ± 5 and 8 ± 5 P. penetrans/100 g 

dry soil, respectively, and were not significantly different from pre-fumigation populations at 

these depths. At planting P. penetrans was detectable at all depths except 16 to 30 cm, which 

stayed at 0 P. penetrans/100 g dry soil. At 0 to 15 cm, 31 to 45 cm, and 46 to 60 cm there were 

on average 1 ± 1 P. penetrans/100 g dry soil. Deeper in the soil profile, 61 to 75 cm and 76 to 90 

cm, there was a decrease in mean P. penetrans population densities with 4 ± 3 and 2 ± 1 P. 

penetrans/100 g dry soil, respectively, however there were no significant differences compared 

to post-fumigation population densities. Six months after planting, nematode populations 

averaged 88 ± 41 P. penetrans/100 g dry soil at 0 to 15 cm. 

 

2.4   Discussion 

Combined, our data demonstrates that P. penetrans is able to survive in roots and soil in 

the field re-establishment process of the raspberry production system. Pratylenchus penetrans 

was able to survive in old root material up to eight months after termination of the prior 

raspberry planting. In the raspberry production system where rotation is not implemented and 

planting occurs within six months of removal of the previous crop, our data demonstrate that 
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roots play a role in allowing nematodes to survive and colonize new plants. In addition to 

surviving in roots, P. penetrans is also able to survive fumigation, and at what depth survival 

occurs appeared to be related soil the soil type of a field.  Because P. penetrans is an obligate 

biotroph (Davis and MacGuidwin, 2005) the rapid initial decrease in population densities in roots 

was likely due to the death and decomposition of living root material that the nematodes can feed 

on into an unusable, dead substrate. This might also explain why P. penetrans population 

densities in general decreased more rapidly in roots treated with a systemic herbicide which 

resulted in faster root mortality than in roots of plants not treated with herbicide. However, 

nematodes continued to be collected from root material in both fields after eight months, despite 

no evidence of any living roots from either treatment after four months. The only treatment that 

had no P. penetrans populations after eight months was the OR treated roots, which still had 

populations after six months. While active nematodes cannot survive without living roots, eggs 

of P. penetrans that may continue to survive in dead root material and soil (Mani, 1999).  

Nematode population densities tend to decrease significantly in winter, however, survival 

stages including both the egg and quiescent stages, may allow P. penetrans to survive 

unfavorable conditions (MacGuidwin and Forge, 1991; McSorley, 2003; Townsend, 1973). 

MacGuidwin and Forge (1991) found that active P. scribneri populations declined 50 to 63% 

overwinter when associated with corn and 15 to 84% when associated with potato. Similarly, 

Kimpinski and Dunn (1985) found that active P. penetrans populations declined 35 to 59% 

through winter when associated with red clover. Since egg and quiescent stages are not active in 

the field, it may be possible that they were not detected with the type of extraction method used.  

While this study did not determine if P. penetrans was being extracted from fine root 

material, where nematodes tend to reside (Walters et al., 2009), or coarse root material, it does 
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indicate that nematodes can survive in root material well beyond the typical industry time frame 

of plant removal to fumigation. It has previously been shown that P. neglectus can survive in 

root material after plant removal (Forge et al., 2015). Though little research has been conducted 

on the survival of nematodes residing in roots after fumigation, it has been shown that 

fumigation does greatly reduce populations of Phellinus weirii in tree stumps, but it does not 

entirely eliminate the population (Thies and Nelson, 1987). This ability to survive in residual 

root material may provide protection from the effects of fumigation if nematodes are residing in 

coarse root material that fumigants may not be able to penetrate, but further study needs to be 

conducted on this dynamic of P. penetrans biology.  

 Though P. penetrans populations were relatively low throughout the buried bag study 

compared to initial populations, in a field setting, these nematodes have the potential to function 

as a source of inoculum for the next planting of new raspberry plants. Studies have shown that 

post-fumigation populations are typically undetectable (Sterling et al., 2001; Zasada et al., 2015). 

However, these studies relied on soil samples to determine nematode population densities, which 

have been shown to be an unreliable indication of total population densities (Walters et al., 

2009). Population densities of P. penetrans have been shown to reach pre-fumigation levels 

within six months after re-planting (Zasada et al., 2015; Zasada, unpublished data). It is unknown 

how P. penetrans populations reestablish so quickly, but it is possible that nematodes residing in 

root material may provide an inoculum source for the following planting. 

While not all depths had detectable P. penetrans populations at each sampling date, 

nematodes were found at at least one depth on all three sampling dates. However, the two fields 

evaluated in this study showed different dynamics as to where nematodes were located at each 

sampling date. Both fields had higher pre-fumigation nematode population densities at shallower 
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depths. This is expected as the majority of the remaining roots would be in the upper parts of the 

soil profile (Forge et al., 1998). The distribution dynamics of nematodes in the two fields post-

fumigation may have to do with the two different soil types. The Lynden, WA field, which has a 

fine sandy loam soil type, had higher population densities in the upper 45 cm profile than at 

deeper depths pre-fumigation. This trend continued post-fumigation, with P. penetrans 

concentrated in the upper 60 cm and undetectable at lower depths. At planting, population 

densities were more evenly distributed throughout all depths. Coarser soils, such as in the 

Lynden field, can allow for the escape of fumigants from the upper soil profiles (McKenry and 

Thomason, 1974; Qin et al., 2013). This coarse soil potentially allowed the fumigant to volatize 

out of the upper depths of the soil before having an effect on P. penetrans. The coarser soil can 

also allow for easier movement of nematodes from lower depths. Larger soil particles can 

provide a pore size that is more suitable for movement of Pratylenchus spp. than finer particles 

(Townsend and Webber, 1971). Nematodes, particularly at depths below the application of 

fumigants, may have moved up to the shallower depths where more resources are likely to be 

found. 

 The Everson, WA field, which has a Puyallup fine sandy loam soil type, had more evenly 

distributed P. penetrans populations throughout the soil profiles than the Lynden field, but had 

slightly higher populations in the upper 30 cm of soil. Post-fumigation, nematodes were only 

detected at 61 to 75 cm, with no nematodes detected in the upper 60 cm. At planting, there was a 

more even distribution of nematodes in the soil profile, but slightly higher population densities at 

61 to 90 cm. Finer soil types, like at the Everson field, may help to keep fumigants in the upper 

soil depths longer before volatizing into the atmosphere, making fumigation more effective at 

shallower depths. Qin et al. (2013) demonstrated that fumigant emission is positively correlated 
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to the air-filled porosity of the soil. This indicates that sandy soils, which contain relatively large 

pore spaces, would be less effective at containing fumigants. The finer soil also makes it more 

difficult for nematodes from depths below the effective depth of fumigation, to move upward in 

the soil profile where more resources may be available (Townshend and Webber, 1971). 

 While the depth at which P. penetrans survived fumigation may be based on soil type, it 

is also important to note that there were nematodes present at all sampling dates in both fields. 

Pratylenchus penetrans are surviving fumigation to some extent, possibly through being deeper 

than the effective depth of fumigation, not coming in contact with toxic concentrations of the 

fumigant, or through protection within old root material. Nematodes remaining in soil will be a 

source of inoculum to subsequent plantings, as was shown in this study with P. penetrans being 

found in newly planted raspberry roots six months after planting. 

 Fumigation is the primary means by which raspberry growers manage P. penetrans. 

However, this study shows not only that P. penetrans are surviving fumigation, but also provides 

potential answers to how and where they are surviving. This information will be used to educate 

growers of the threat of not allowing sufficient time to elapse between field renovation and 

fumigation and the limitations of soil fumigation.  
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2.6   Figures 

 
Figure 1. Pratylenchus penetrans population densities in red raspberry (Rubus idaeus) ‘Meeker’ 
roots collected from plants either treated with herbicide or not treated with herbicide. Roots were 
buried in bags near Lynden, WA and had initial population densities of 205 P. penetrans/g root 
(herbicide treatment) and 242 P. penetrans/g root (no herbicide treatment). Data for each 
collection date represents the mean of 10 samples for each treatment. Error bars represent 
standard error. Dates that share a letter are not significantly different (p ≤ 0.05) based on Tukey’s 
HSD test. 
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Figure 2. Pratylenchus penetrans population densities in red raspberry (Rubus idaeus) ‘Meeker’ 
roots collected from plants either treated with herbicide or not treated with herbicide. Roots were 
buried in bags in Corvallis, OR and had initial population densities of 205 P. penetrans/g root 
(herbicide treatment) and 242 P. penetrans/g root (no herbicide treatment). Data for each 
collection date represents the mean of 10 samples for each treatment. Error bars represent 
standard error. Dates that share a letter are not significantly different (p ≤ 0.05) based on Tukey’s 
HSD test. 
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Figure 3. Pratylenchus penetrans population densities at different soil depths within a red 
raspberry (Rubus idaeus) ‘Meeker’ near Lynden, WA. Samples were collected at three different 
time periods during the replanting process. Data shown for each sampling date and depth is the 
mean of 10 samples. Error bars represent standard error. Sampling times within the same depth 
that share the same letter, are not significantly different (p ≤ 0.05) based on Tukey’s HSD test. 
Depths with no letters indicate no significant differences between any of the sampling times. 
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Figure 4. Pratylenchus penetrans populations found at different soil depths within a red 
raspberry (Rubus idaeus) ‘Meeker’ near Everson, WA at three different time periods during the 
replanting process. Data shown for each sampling date and depth is the mean of 10 samples. 
Error bars represent standard error. Sampling times within the same depth that share the same 
letter, are not significantly different (p ≤ 0.05) based on Tukey’s HSD test. Depths with no letters 
indicate no significant differences between any of the sampling times. 
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CHAPTER III 

Horizontal distribution of Phytophthora rubi in four Pacific Northwest red raspberry fields 

 

3.1   Introduction 

Washington and Oregon produce a majority of the processed red raspberries in the United 

States, with Washington producing 95% of the country’s total. Between the two states, the entire 

industry was valued at approximately $65 million in 2014 (United States Department of 

Agriculture, 2015). One of the most important soilborne pathogens limiting red raspberry 

production in the Pacific Northwest is the oomycete Phytophthora rubi, the causative agent of 

raspberry root rot (Wilcox, 1991; Gigot et al., 2013). In a recent study, symptomatic plants were 

sampled in western states (California, Oregon, and Washington) raspberry fields for the presence 

of Phytophthora spp.  Of the isolates identified, over 99% were P. rubi, indicating that P. rubi is 

the predominant causal agent of root rot of raspberry in the region (Stewart et al., 2014).  In 

another study, 10 commercial red raspberry fields in Washington were sampled and P. rubi was 

detected in all of the fields occurring in 33 to 100% of the samples from each field (Gigot et al., 

2013) 

 Phytophthora rubi is a polycyclic, homothallic oomycete which tends to thrive in poorly 

drained soils that remain at or near saturation levels (Erwin and Ribeiro, 1996). These types of 

soil conditions are frequently found in lower lying areas of raspberry fields. Phytophthora rubi 

can survive in soil as either asexual chlamydospores or sexual oospores. When proper soil 

conditions occur, spores germinate producing mycelium and sporangia. Upon development, 

sporangia will produce and release flagellated zoospores that can migrate to plant roots by 
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moving through water-filled pore spaces in the soil. After reaching a root, the zoospore will 

encyst and begin the infection process (Wilcox et al., 1993; Zentmyer and Brasier, 1983). 

Infected roots may show signs of reddish brown lesions that can migrate into the crown 

and lower stems in advanced stages of infection. Symptoms of root rot caused by P. rubi include 

necrotic roots, which reduces the plants ability to take up water and nutrients. This leads to 

aboveground symptoms of chlorotic or scotched leaves, as well as reduced growth and yield 

(Erwin and Ribero, 1996). Similar to other soilborne Phytophthora spp., symptoms of 

Phytophthora root rot of raspberry typically occur in a clustered distribution within a field. 

Distribution of actual Phytophthora spp. pathogen densities within soybean and pepper fields has 

also been shown to be clustered. In some instances, the pathogen was detected outside of a 

cluster, however, at lower densities (Miller, 1997). The ability of the zoospores to move through 

water within the soil is important for the growth of the pathogen. Due to this, soil texture can 

play an important role in disease severity within a field. In raspberry, the detection of P. rubi was 

found to be negatively correlated with the silt content of soil (Gigot, 2013). 

 Due, in part, to the presence of P. rubi, the productive lifespan of raspberry fields in the 

Pacific Northwest has decreased from over 10 years down to 5-7 years (Wilcox et al., 1993). 

Currently, the management of this organism revolves around the use of pre-plant fumigation and 

post-plant fungicide treatments; both of these practices have limitations. For soil fumigation, 

recent changes in regulations have made it increasingly difficult for growers to rely on soil 

fumigation as a management practice (United States Environmental Protection Agency, 2012). 

These new regulations have caused changes to allowable practices, including buffer zones, 

fumigation management plans, worker protection, and posting requirements. A concern 

regarding the use of post-plant fungicides is the development of resistance. In raspberry, the 
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primary fungicides used are mefenoxam and metalaxyl. While a recent study with a limited 

number of P. rubi isolates collected from OR, CA, and WA raspberry fields did not detect a 

resistance problem to mefenoxam (Stewart et al., 2014), there is ample evidence in the literature 

of Phytophthora spp. resistance to fungicides in other production systems. Phytophthora 

parasitica, originally isolated from guava and eggplant and P. infestans isolated from potato, 

were shown to be resistance to metalaxyl (Chang and Ko, 1990; Hermansen et al., 2000), while 

P. capsici, isolated from bell pepper and cucurbit hosts, was resistant to mefenoxam (Lamour 

and Hausbeck, 2000). Another option for management includes the use of varieties that are 

resistant to P. rubi.  However, resistant varieties may not produce high quality fruit, and only 

semi-resistant varieties have been shown to produce fruit of the highest quality (Moore and Finn, 

2007; Pattison et al., 2004).  

Due to new fumigant restrictions, potential for developed resistance to fungicides, and a 

lack of high quality resistant varieties, growers may not be able to manage P. rubi in the same 

manner as they have in the past and may need to turn to new practices. One potential option is 

site specific management based on variable rate pesticide application. This is the idea that 

pesticides are applied at localized rates based on the severity of pathogen pressure at particular 

sites within the field, not just a universal rate for the entire field. Variable rate pesticide 

application has been shown to be comparable to a universal rate application in controlling 

Septoria tritici and Puccinia striiformis in winter wheat, but used less total fungicide while 

resulting in equal yields (Tackenberg et al., 2015). While few studies have been conducted to test 

variable rate pesticide application, variable rate applications of fertilizers has been shown to 

reduce the amount used in grape production by determining the spray rate based on canopy size 

(Llorens et al., 2010), as well as in citrus to reduce the amount of fertilizer applied based on tree 
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size (Zaman et al., 2005). However, for precision variable application as a control method for P. 

rubi to be viable, growers must know where the pathogen is distributed in a field and what 

variables may influence its distribution. 

The goal of this study was to determine the horizontal distribution of P. rubi within red 

raspberry fields in the Pacific Northwest and to determine if distribution is related to factors such 

as relative field elevation, Pratylenchus penetrans population densities, and soil texture. 

Knowing how this pathogen is distributed within a field may provide information that will help 

raspberry growers to optimize or modify available management practices based on P. rubi 

biology. 

 

 
3.2   Materials and Methods 
 

Four commercial raspberry fields sampled for this study. One field was sampled in 

Oregon (OR1) and Washington (WA1) in March 2014, and a second pair of fields was sampled 

in April 2015 (OR2 and WA2). All of the fields were planted to the same raspberry variety 

'Meeker', but varied in other attributes (Table 1). At each field, two sampling strategies were 

employed. For the first strategy, an area of approximately 4 ha was delineated that contained 

plants with and without symptoms of Phytophthora root rot. A 6 x 10 uniform grid of sample 

sites within each field was then established and a root and a soil sample were collected (Miller et 

al., 1997). Due to differences in field layout, the distance between each sample site varied by 

field. Sample sites at OR1 and OR2 were 25 x 35 m, while those at WA1 and WA2 were 35 x 20 

m and 45 x 20 m, respectively. Second, a localized concentric, focal sampling strategy was used. 

A disease hotspot was visually identified in each field and the center of the hotspot was marked. 

From this disease center, a root and a soil sample were collected at 3 m intervals out to 48 m in 
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four different directions: north and south along the row and east and west across rows. Samples 

were also collected from the center of each disease hotspot. If the disease hotspot was within 48 

m of the edge of the sampling area, samples were only collected up to the edge of the field.  

For both strategies, root and soil samples were collected from a single plant at each 

sample site. Using a shovel, the roots of a plant were exposed and then as much fine root 

material as possible was collected without causing damage to the plant. Due to differences in 

plant health, not all samples consisted of the same amount of collected root material, but 

generally 5 to 10 g of root material were collected from each site. If no plant was present at a 

designated sample site, the next nearest plant was sampled. Along with root material, 

approximately 500 g of soil from around the root system was collected. Roots and soil from each 

sample site were stored in the same bag and transported to and processed in the laboratory (see 

below).  

Soil samples were passed over a 2-mm sieve to separate roots from soil and the soil was 

reserved for nematode extraction (below).  Roots were rinsed with water to remove excess soil 

then patted dry with a paper towel. Fine roots (< 1mm) were separated from larger roots and 

approximately 1 g of fine roots were placed in a 20 ml glass scintillation vial and then stored at -

80°C until further processing for P. rubi. Any remaining fine roots were reserved for nematode 

extractions (below) and larger roots were discarded. Frozen fine root samples were processed by 

flash freezing in liquid nitrogen then pulverized using a tissue pulverizer (Garcia Manufacturing, 

Visalia, CA) for 20 s. Pulverized roots were transferred to a 1.7 ml centrifuge tube and stored at -

80°C until used for DNA extractions.  

DNA was extracted from 100 mg of pulverized fine root tissue using a FastDNA SPIN 

Kit for Soil (MP Biomedicals, Santa Ana, CA) following manufacturer’s instructions. Extracted 
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DNA was then used to conduct a Phytophthora species specific quantitative real time 

polymerase chain reaction assay (qPCR) as described by Bilodeau et al. (2014) with the 

following modifications. Assays were run on the StepOnePlusTM machine and software (Thermo 

Fisher Scientific, Waltham, MA) using PerfeCta® Multiplex qPCR ToughMix® (Quanta 

Biosciences, Gaithersburg, MD). Only probes for P. rubi and the plant internal positive control 

(IPC) were used (Table 2). The target for the species specific qPCR assay was the atp9-nad9 

region of the mitochondrial genome. The amplification master mix contained the genus-specific 

primer pair at 0.5 µM and the species specific P. rubi probe at 0.1 µM. The primers for the plant 

internal control were present at 0.0125 µM and the probe at 0.01 µM. The cycling conditions for 

the assay were set at 95°C for 2 min, 50 cycles at 95°C for 15 s, and 60°C annealing temperature 

for 1 min 30 s, in a reaction volume of 25 µl. Each qPCR also run contained a set of P. rubi 

DNA standards in the quantities of 2 ng, 0.2 ng and 0.02 ng and each standard or sample was run 

in triplicate (Bilodeau et al., 2014).   

Any remaining fine root material was placed under intermittent mist for 7 d to extract 

Pratylenchus penetrans (Ingham, 1994). After nematode extraction, the root material was placed 

in a 65°C oven and after 5 d dry weight was determined. Extracted P. penetrans were 

enumerated using a dissecting microscope at x40 magnification and the number of P. 

penetrans/g dry root was calculated. Pratylenchus penetrans was also extracted from 50 g of 

sieved soil using the Baermann funnel method. Nematodes were collected after 5 d and 

enumerated using a dissecting microscope. To obtain soil moisture, a 50 g subsample of soil was 

placed in a 65°C for 5 d before being weighed. Counts from each sample were then expressed as 

the number of P. penetrans/g dry soil. Soil texture was also determined on a subsample of soil 

from each of the uniform grid samples (A & L Western Labs, Portland, OR). 
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In the July following the initial sampling for roots and soil, each field was returned to and 

a visual disease rating was assigned each plant at each sample site. The ratings were based on a 1 

to 10 scale with 1 representing a healthy plant with vigorous, uniform growth, 3 representing a 

plant with slightly chlorotic foliage at the base, non-uniform growth, 5 representing a plant with 

slightly chlorotic foliage, signs of wilting at the tips, 7 representing a plant with chlorotic foliage 

and wilting at the tips with dark streaks at the base, 9 representing a plant with heavily chlorotic 

foliage and dark streaks at the base with no signs of new growth, and 10 representing an entirely 

dead plant (Walters, personal communication). Also, at each sample site a GPS point was 

recorded using a GeoXT™ 2005 series GPS unit (Trimble, Sunnyvale, CA).  

All data on P. rubi DNA concentration, visual disease ratings, P. penetrans root and soil 

population densities, and field characteristics of elevation and soil texture were entered into the 

ArcGIS program ArcMap (Esri, Redlands, CA) based on GPS coordinates. Using interpolation 

tools within the program, maps were created to show visual relationships between these 

variables. Phytophthora rubi DNA concentrations from each grid sample site were analyzed 

using regression analysis to determine any significant relationships with visual disease rating, P. 

penetrans root and soil population densities, relative elevation, or soil texture. Phytophthora rubi 

DNA concentrations and visual disease ratings from the focal sampling strategy were also 

analyzed independently using regression analysis to determine if there were any significant 

relationships with direction from the disease center, distance from the disease center, or relative 

field elevation. All statistical analyses were performed using RStudio Version 0.99.491 (RStudio 

Inc., Boston, MA). 
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3.3   Results 

 The four raspberry fields sampled in Oregon and Washington varied in biotic and abiotic 

attributes. WA1, WA2, and OR2 had similar maximum DNA concentrations of P. rubi (> 30 ng 

DNA) while the detection incidence of P. rubi was lower in OR2 with a maximum of 4 ± 0.07 ng 

DNA. The severity of P. rubi symptoms in these fields was further confirmed using a disease 

rating scale with WA1, WA2, and OR2 having an average of 4.1, 6.2, and 7.1 disease ratings 

compared to OR1 with an average disease rating of 3.5. Two of the fields, WA2 and OR2 had 

high population densities of P. penetrans in roots with maximum densities of 2,738 ± 59 and 

3,500 ± 73 P. penetrans/g root, respectively. Population densities of P. penetrans in roots were 

much lower in WA1 and OR1 with < 300 P. penetrans/g root. Relative elevation of the fields 

also varied, with OR1 having the most elevation change, 0 to 10 m, and OR2 having the least, 0 

to 1.3 m. Finally, soil types varied among the fields (Table 3). The lightest soil type was found in 

WA1, a Lynden sandy loam soil type, while the heaviest soil type was at OR2, a Suavie silt loam 

soil type (USDA Web Soil Survey). Because of the large range in biotic and abiotic factors, and 

the potential role that these factors might play on P. rubi incidence among the fields, the data 

from fields were analyzed separately. 

Phytophthora rubi DNA was detected in 93% of samples from OR1, with DNA 

concentration of P. rubi ranging from 0 to 38.8 ng (average 2.4 ng). Within this field, there was a 

very clear hotspot of P. rubi that was visualized on the distribution maps showing P. rubi DNA 

concentration and disease rating (Figs. 5 and 6). This relationship was confirmed in the stepwise 

linear regression analysis with a significant relationship between these two variables (Table 4). 

There were no other significant relationships detected between P. rubi DNA concentration and 

the other measured variables (Table 4). While there appeared to be higher population densities of 
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P. penetrans in roots and soil (Figs. 8 and 9) in the P. rubi hotspot, this was not statistically 

supported (Table 4). The P. rubi hotspot in this field occurred midway down this steep field and 

not in the lowest part of the field (Fig. 7). Sand, silt, or clay content of the soil (Table 3) was also 

not related to P. rubi DNA concentrations in roots (Table 4).     

For OR2, P. rubi DNA was detected in 77% of samples, with a range of 0 to 4.0 ng 

(average of 0.3 ng) of DNA. Similarly to OR1, there was a clear hotspot of P. rubi within the 

field (Fig. 10). However, this hotspot did not correspond with an area of high visual disease 

ratings (Fig. 11), and was located in the highest part of the field (Fig. 12). The largest P. 

penetrans population densities occurred in the northern part of the field (Figs. 13 and 14) with 

densities up to 3,500 P. penetrans/g root and 2 P. penetrans/g soil.  None of the other measured 

variables, including soil texture, were significantly related to P. rubi DNA concentration in roots 

(Table 4). 

Phytophthora rubi DNA was detected in 91% of samples from WA1, with a range of 0 to 

39.6 ng (average of 3.2 ng) of DNA. A hotspot of P. rubi DNA occurred in the northern part of 

the field (Fig. 15) which was significantly related to visual disease rating (Table 4) and showed 

high disease severity in the hot spot (Fig. 16). The P. rubi hotspot was located in the lowest part 

of the field (Fig. 17), however, elevation was not related to P. rubi DNA concentration (Table 4). 

The largest root populations of P. penetrans occurred in the southeast corner of the field (Fig. 

18) with densities up to 297 P. penetrans/g root. The largest nematode soil populations occurred 

more centrally in the field with densities up to 2 P. penetrans/g soil (Fig. 19).  While root P. 

penetrans population density not related to P. rubi DNA concentration, P. penetrans soil 

population density was (Table 4). None of the components of soil texture were significantly 

related to P. rubi DNA concentration in roots (Table 4). 
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For WA2, P. rubi DNA was detected in 82% of samples, with a range of 0 to 31.8 ng 

(average of 1.8 ng) of DNA. The highest levels of P. rubi DNA occurred in a hotspot in the 

center of the field (Fig. 20). This was in an area that had higher visual disease rating (Fig. 21), 

however, visual disease rating was not related to P. rubi DNA concentration (Table 4). This 

hotspot was also located in a higher area of the field (Fig. 22), but similar to the other surveyed 

fields, P. rubi DNA concentration was not related to relative elevation (Table 4). The largest P. 

penetrans root and soil populations occurred in the eastern part of the field (Figs. 23 and 24) with 

maximum population densities of 2,738 P. penetrans/g root and 9 P. penetrans/g soil. Neither P. 

penetrans root or soil population densities were related to P. rubi DNA concentration (Table 4). 

This was the only field where a significant relationship between measured soil texture variables 

was detected. Both sand and silt content were significantly related to P. rubi DNA concentration 

in roots (Table 4). However, sand content was positively related, while silt content was 

negatively related to P. rubi DNA concentration. 

When the focal sampling areas within each field were considered, P. rubi DNA 

concentrations were never related to the direction (north and south along the row or east and west 

across rows) from the epicenter of the focus for any field (Table 5).  However, direction was 

significantly related to visual disease ratings in WA1 and WA2 (Table 6), with decreasing 

disease ratings further from the focus. The distance (0 up to 48 m) from the epicenter of the 

focus was significantly related to P. rubi concentrations in the WA1 and WA2 field (Table 5), 

but was only related to visual disease rating for WA1 (Table 6). In all of these cases, either DNA 

concentrations or disease ratings decreased with distance from the focus. The only field in which 

there was a relationship with one of the P. rubi measured variables and elevation was in  WA1 
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where both P. rubi DNA concentration and disease rating decreased with increasing elevation 

(Tables 5 and 6). 

 

3.4   Discussion 

Phytophthora rubi, one of the most devastating pathogens of red raspberry in the Pacific 

Northwest, was detected in each of the four fields sampled at high recovery rates. Across the four 

sampled fields over 85% of the samples were positive for P. rubi DNA. These results further 

expand on a previous study that detected P. rubi in soil using PCR in all 10 commercial red 

raspberry fields sampled, with detection rates above 50% in 8 out of the 10 fields (Gigot et al., 

2013). Our results further confirm that not only is P. rubi widespread within the region, but also 

widespread within fields. 

Though P. rubi was present throughout the fields, there did appear to be areas of higher 

P. rubi DNA concentrations. This is similar to other Phytophthora spp. which often have a 

clustered distribution with a distinct disease focus. Larkin et al. (1995) showed that P. capsici 

was distinctly aggregated and not random in 4 of 7 pepper fields sampled. Similarly, Widmark et 

al. (2007) found that P. infestans infected plants were localized in six distinct foci within a potato 

field. Phytophthora capsici and P. sojae also had clumped distribution within intensively 

sampled pepper and soybean fields (Miller et al., 1997); however, the presence of the pathogens 

was also detected outside of disease centers at lower concentrations.   

While the detection of P. rubi was widespread within the four fields sampled, this did not 

necessarily correspond with high levels of disease. Disease incidence was significantly related to 

P. rubi DNA concentrations in roots in only OR1 and WA1. Although not significant (p = 

0.059), WA2 also showed some relationship between disease rating and P. rubi DNA 
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concentration and should not be disregarded. The only field that did not show an evidence of a 

relationship between disease and P. rubi DNA concentration was OR2. This lack of relationship 

between these variable could be due to the overall lack of disease pressure in the field. The other 

three fields all had larger ranges and higher maximum disease ratings than OR2, which only had 

a maximum disease rating of 4.5 as compared to the next lowest maximum of 7.5 in WA1. It is 

also important to note that the area of highest disease rating within OR2 was located along the 

edge of the field. This area was bordered by a road that is a main access route to the field and 

could have had an effect on the overall health of the plants in that localized area.  

Although this study was focused on the distribution of P. rubi within a field, when all 

data from the four fields was combined and a similar stepwise regression was performed, disease 

rating was the only factor that was significantly related to P. rubi DNA concentration. A 

previous study showed a similar relationship between P. rubi propagules and disease severity 

(Gigot et al., 2013). Plants inoculated with different densities of P. rubi oospores showed that as 

P. rubi concentrations increased, disease incidence and severity significantly increased as well. 

Factors other than disease rating that were measured in this study, did not show any 

consistent relationship with P. rubi DNA concentrations between fields. Previous studies found 

that root rot caused by P. rubi typically occurs in poorly drained soils that stay near saturation 

levels (Erwin and Ribero, 1987). Furthermore, increased soil moisture was shown to encourage 

the infectivity and persistence of Phytophthora sp. (Duncan and Cowan, 1980). These poorly 

drained areas typically occur at lower elevations within a raspberry field, where water may 

gather and pool.  However, in our study, no significant relationship was seen between P. rubi 

DNA concentrations and relative field elevation in any of the fields. 
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Soil texture is another important factor that may contribute to soil moisture content. Soils 

high in clay content may hold more water, which may lead to an improved environment for the 

pathogen. However, Gigot et al. (2013) showed that Phytophthora sp. frequency in raspberry 

fields was only positively related to silt content and not clay or sand. Soil texture can also be 

important for the movement of the pathogen’s zoospore within the soil. Finer textured soil may 

prevent or reduce zoospore movement due to the small pore space. The movement of P. 

cryptogea zoospores was reduced from 40 mm in a coarse soil to 12 mm in a clay loam soil 

(Duniway, 1992). While finer soils may hold more water, they may also prevent movement of 

zoospores toward the roots where they can infect. However, again, our data show no consistent 

relationships between P. rubi DNA concentrations and any soil texture component. The only 

field where there was any significant relationship between P. rubi DNA concentrations and soil 

texture was WA2, in which both sand and silt content were significantly related to P. rubi DNA 

concentration with sand content having a positive relationship and silt content having a negative 

relationship. 

Pratylenchus penetrans is one of the other most important pathogens of red raspberry in 

this region (McElroy, 1992; Zasada et al., 2015). As such, P. penetrans and P. rubi share an 

environment in which they may interact. There is evidence that nematodes and fungal or fungal-

like pathogens can have a synergistic effect on disease severity in agricultural crops. Castillo et 

al. (2003) demonstrated that infection of chickpea plants by the root knot nematode Meloidogyne 

artiellia significantly increased the severity of Fusarium wilt caused by Fusarium oxysporum f. 

sp. ciceris. Similarly, Xing and Westphal (2006) demonstrated that the presence of the soybean 

cyst nematode Heterodera glycines increased the severity of root rot in soybeans by the pathogen 

Phytophthora sojae. However, no interaction between P. penetrans and root rot severity in red 
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raspberry has been demonstrated (Vrain and Pepin, 1989; Gigot et al., 2013). While there may 

not be any demonstrated interaction between these two pathogens, high populations of P. 

penetrans can still be detected in raspberry roots even when plants had severe root rot disease 

after being inoculated with 1,000 P. rubi oospores/g soil (Gigot et al., 2013). As such, there may 

be potential for the P. penetrans populations to be related in some way with P. rubi DNA 

concentrations. However, the results from this study do not indicate any consistent relationship 

between nematode and P. rubi populations.   

When considering the dispersal and movement of a pathogen within a field it is important 

to look at changes in pathogen levels from one sample to the next. Gradients in pathogen level 

may indicate an inoculum source or introduction area. Based on disease and pathogen gradients, 

it may be possible to determine where a pathogen was introduced and how it is being dispersed 

throughout a field (Madden et al., 2007). For the focus sampling points within a field, again there 

was no consistent relationship with P. rubi DNA concentrations and direction, distance, or 

elevation. Similarly, there was no consistent relationship with disease rating and any of the 

measured factors. In both WA1 and WA2 there was a significant relationship of P. rubi DNA 

concentration with distance from the disease center. In WA1 and OR1 there was also a 

relationship with disease rating and distance while WA2 did not have a similar relationship. Both 

WA1 and WA2, however, did have a relationship between disease rating and direction. The 

relationship with distance from the disease center for these two fields may indicate that these 

areas were an introduction site for the pathogen. As the distance from the disease center 

increased, the amount of pathogen decreased; a pattern that is consistent with dispersal from a 

point source of inoculum within a field (Madden et al., 2007). While there was not a relationship 
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between distance from the disease foci and P. rubi DNA concentration for OR1 and OR2, there 

were still areas of P. rubi gradients as indicated by the distribution maps. 

Lack of consistency in relationships between the measured factors and P. rubi DNA 

concentrations between fields could be due to the variation of the fields. All fields had high 

detection rates of P. rubi. However, all other factors varied drastically between the fields. OR1 

had large differences in elevation, while OR2 had very little change in elevation. Soil texture 

also varied greatly between fields with the OR fields having had much higher clay contents than 

the WA fields. Another factor that may be responsible for the lack of consistent relationships was 

the differences in field age. OR1 and OR2 had plants that were 23 and 12 years old, respectively, 

whereas WA1 and WA2, had plants no older than 7 years. Also variable between fields was the 

use of irrigation. The WA fields were drip irrigated while the OR fields were not irrigated. It 

may be difficult to see any patterns between fields when the fields themselves are so variable. To 

further the understanding of the factors that determine the distribution of P. rubi, it may be useful 

to do a similar type of study on fields that have more similarities between age, elevation, and soil 

type. 

Another limitation of this study may be the detection and quantification method used to 

determine P. rubi DNA concentration. The use of a real-time PCR assay is a useful tool, 

however, only a small amount of root material is used for the extraction of DNA, and this small 

amount comes from a sample of roots that is only taken from one area of the plant. Due to this, 

the samples tested may not be representative of the P. rubi concentration of the entire root 

system. This could influence the detection and quantification of P. rubi depending on if the roots 

collected from that localized area where highly infected or not. 
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Root rot symptoms in red raspberry production fields typically appear clustered, however 

it seems that the causal agent of those symptoms, P. rubi, is largely distributed throughout a 

field. No significant relationships between P. rubi DNA concentration and the measured factors 

(P. penetrans, elevation, soil texture) was observed consistently across fields, but there were 

factors within fields that did show a significant relationship. Based on this study, the use of 

precision variable rate agriculture to manage root rot may be difficult without actually testing for 

P. rubi as there is no consistent factor that indicates the severity of the pathogen. Similarly, it 

may be difficult to move away from broadcast fumigation to control P. rubi when establishing a 

new planting due to the wide distribution of the pathogen within a field. Though no universal 

factors can be concluded to indicate the risk of P. rubi, knowing where the pathogen and disease 

are located within a field is still useful information to a grower to indicate where management 

practices can be targeted. 
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3.6 Tables and Figures 

Table 1. Field designation, year sampled, location, GPS coordinate, soil type and age of red raspberry (Rubus idaeus) fields sampled 
in the Pacific Northwest to determine within field distribution of Phytophthora rubi. 

 
a Soil type based on USDA web soil survey data (http://websoilsurvey.sc.egov.usda.gov)  

Field Year Sampled Location Latitude/Longitude Soil Typea Age (years)

OR1 2014 Gresham, OR 45° 28’ 32.78” N, 122° 18’40.35” W Powell silt loam 23

OR2 2015 Portland, OR 45° 40’ 21.09” N, 122° 46’51.09” W Sauvie silt loam 12

WA1 2014 Lynden, WA 48° 54’ 35.26” N, 122° 30’02.44” W Lynden silt loam 5

WA2 2015 Lynden, WA 48° 58’ 42.28” N, 122° 23’23.62” W Whatcom silt loam 4
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Table 2. Primer and probe information for the quantitative PCR assay used to detect Pytophthora rubi.a  

 
a Method adapted from Bilodeau et al. (2014). 

  

Name Primer/probe Sequence 5'-3' Label Target

PhyG_ATP9_2FTail Primer AATAAATCATAACCTTCTTTACAACAAGAATTAATG n/a Phytophthora sp.

PhyG-R6_Tail Primer AATAAATCATAAATACATAATTCA TTTTTATA n/a Phytophthora sp.

PfraVrubi_Atp9_TaqMan1 Probe ATATATACGTGTATTTAATGCATAATCAGCTA FAM P. rubi

FMP12b Primer GCGTGGACCTGGAATGACTA n/a Plant 

FMP13b Primer AGGTTGTATTAAAGTTTCGATCG n/a Plant 

Plant_probe Probe CTTTTATTATCACTTCCGGTACTGG CAGG JOE Plant 
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Table 3. Average sand, silt and clay content in four Pacific Northwest red raspberry (Rubus 
idaeus) fields sampled to determine the within field distribution of Phytophthora rubi a. 

 
a Soil texture analyses performed at A & L Western Labs, Portland, OR 
b OR1 = Gresham, OR; OR2 = Portland, OR; WA1 = first field sampled in Lynden, WA; WA2 = 
second field sampled in Lynden, WA. 
c Values are the mean of 60 observations.

Locationb % Sand % Silt % Clay

OR1 27.9c 51.5 20.6

OR2 27.9 46.0 26.1

WA1 62.6 27.3 10.1

WA2 34.0 51.7 14.2



66 
 

 
 

 

Table 4. Coefficient of determination (R2) for Phytophthora rubi DNA concentrations and Pratylenchus penetrans populations in 
roots and soil, visual disease ratings, field elevation, and soil textural components from four Pacific Northwest raspberry (Rubus 
idaeus) fields.  
 

 
 
a OR1 = Gresham, OR; OR2 = Portland, OR; WA1 = first field sampled in Lynden, WA; WA2 = second field sampled in Lynden, WA  
b Visual disease rating scale: 1 (healthy) to 10 (dead) 
c Relative elevation of sample compared to lowest point in the field (m). 

* indicates significant values (p-value ≤ 0.05)

Locationa P. penetrans /g root P. penetrans /g soil Visual disease ratingb Elevationc Sand content Silt content Clay content

R2 0.022 0.016 0.134 < 0.001 0.014 0.028 0.028

p- value 0.850 0.787 0.002 * 0.873 0.712 0.105 0.107

R2 0.004 0.012 0.039 0.060 0.004 < 0.001 0.008

p -value 0.686 0.394 0.130 0.059 0.627 0.983 0.485

R2 0.003 0.090 0.196 0.006 0.006 0.008 < 0.001

p -value 0.745 0.019 * < 0.001 * 0.572 0.543 0.499 0.853

R2 0.014 0.022 0.060 0.009 0.083 0.132 0.010

p -value 0.373 0.260 0.059 0.477 0.026 * 0.004* 0.441

OR1

OR2

WA1

WA2
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Table 5. Coefficient of determination (R2) for Phytophthora rubi DNA concentrations and 
direction and distance from a disease epicenter, and field elevation in four Pacific Northwest 
raspberry (Rubus idaeus) fields.  

 
a OR1 = Gresham, OR; OR2 = Portland, OR; WA1 = first field sampled in Lynden, WA; WA2 = 
second field sampled in Lynden, WA 
b Sampling direction from disease epicenter (north, south, east, west) 
c Sampling distance from disease epicenter (0 to 48 m) 
d Relative elevation of sample compared to lowest point in the field (m) 
e Analysis is based on focal samples only. N = 48 (OR1), 56 (OR2), 65 (WA1), and 64 (WA2). * 
=  significant values (p-value ≤ 0.05).  

 

  

Locationa Directionb Distancec Elevationd

R2 0.019e 0.268 0.017

p- value 0.935 0.921 0.371

R2 0.094 0.083 0.001

p -value 0.275 0.238 0.791

R2 0.025 0.456 0.148

p -value 0.817 0.007* 0.002*

R2 0.035 0.567 < 0.001

p -value 0.709 0.001* 0.839

OR1

OR2

WA1

WA2
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Table 6. Coefficient of determination (R2) for visual disease rating and direction and distance 
from a disease epicenter, and field elevation in four Pacific Northwest raspberry (Rubus idaeus) 
fields. 

 
a OR1 = Gresham, OR; OR2 = Portland, OR; WA1 = first field sampled in Lynden, WA; WA2 = 
second field sampled in Lynden, WA 
b Sampling direction from disease epicenter (north, south, east, west) 
c Sampling distance from disease epicenter (0 to 48 m) 
d Relative elevation of sample compared to lowest point in the field (m) 
e Analysis is based on focal samples only. N = 48 (OR1), 56 (OR2), 65 (WA1), and 64 (WA2). * 
= significant values (p-value ≤ 0.05).  

 

 

  

Locationa Directionb Distancec Elevationd

R2 0.124e 0.389 0.006

p- value 0.214 0.020* 0.596

R2 0.146 0.320 0.036

p -value 0.084 0.352 0.157

R2 0.151 0.560 0.193

p -value 0.041* < 0.001* < 0.001*

R2 0.223 0.288 0.040

p -value 0.004* 0.469 0.114

OR1

OR2

WA1

WA2
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Figure 5. Phytophthora rubi distribution interpolated from P. rubi DNA detected (ng) using 
qPCR analysis in a red raspberry (Rubus idaeus) field in Gresham, OR (OR1). Yellow dots 
indicate sampling locations. Legend indicates maximum and minimum amount of DNA detected 
within the field. (UTM Zone 10, WGS84; Base map: Esri) 

38.8 ng 

0 ng 
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Figure 6. Phytophthora root rot disease distribution interpolated from visual disease ratings in a 
raspberry (Rubus idaeus) field in Gresham, OR (OR1). Plants were rated on a 1 (healthy) to 10 
(dead) scale.  Yellow dots indicate sampling locations. Legend indicates maximum and 
minimum rating within the field. (UTM Zone 10, WGS84; Base map: Esri) 
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Figure 7. Relative elevation interpolated from GPS elevation data in a raspberry (Rubus idaeus) 
field in Gresham, OR (OR1). Yellow dots indicate sampling locations. Legend indicates 
maximum and minimum relative elevation within the field. (UTM Zone 10, WGS84; Base map: 
Esri) 
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Figure 8. Pratylenchus penetrans root population distribution interpolated from P. penetrans/g 
root in a red raspberry (Rubus idaeus) field in Gresham, OR (OR1). Yellow dots indicate 
sampling locations. Legend indicates maximum and minimum P. penetrans populations 
detected. (UTM Zone 10, WGS84; Base map: Esri) 

136/g root 

0/g root 
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Figure 9. Pratylenchus penetrans soil population distribution interpolated from P. penetrans/g 
soil in a red raspberry (Rubus idaeus) field in Gresham, OR (OR1). Yellow dots indicate 
sampling locations. Legend indicates maximum and minimum P. penetrans populations 
detected. (UTM Zone 10, WGS84; Base map: Esri) 

2/g soil 

0/g soil 
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Figure 10. Phytophthora rubi distribution interpolated from P. rubi DNA detected (ng) using 
qPCR analysis in a red raspberry (Rubus idaeus) field in Portland, OR (OR2). Yellow dots 
indicate sampling locations. Legend indicates maximum and minimum amount of DNA detected 
within the field. (UTM Zone 10, WGS84; Base map: Esri) 

4.0 ng 

0 ng 
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Figure 11. Phytopthora root rot disease distribution interpolated from visual disease ratings in a 
red raspberry (Rubus idaeus) field in Portland, OR (OR2). Plants were rated on a 1 (healthy) to 
10 (dead) scale.  Yellow dots indicate sampling locations. Legend indicates maximum and 
minimum rating within the field. (UTM Zone 10, WGS84; Base map: Esri) 
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Figure 12. Relative elevation interpolated from GPS elevation data in a red raspberry (Rubus 
idaeus) field in Portland, OR (OR2). Yellow dots indicate sampling locations. Legend indicates 
maximum and minimum relative elevation within the field. (UTM Zone 10, WGS84; Base map: 
Esri) 
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Figure 13. Pratylenchus penetrans root population distribution interpolated from P. penetrans/g 
root in a red raspberry (Rubus idaeus) field in Portland, OR (OR2). Yellow dots indicate 
sampling locations. Legend indicates maximum and minimum P. penetrans populations 
detected. (UTM Zone 10, WGS84; Base map: Esri) 
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Figure 14. Pratylenchus penetrans soil population distribution interpolated from P. penetrans/g 
soil in a red raspberry (Rubus idaeus) field in Portland, OR (OR2).  Yellow dots indicate 
sampling locations. Legend indicates maximum and minimum P. penetrans populations 
detected. (UTM Zone 10, WGS84; Base map: Esri) 

2/g soil 

0/g soil 
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Figure 15. Phytophthora rubi distribution interpolated from P. rubi DNA detected (ng) using 
qPCR analysis in a red raspberry (Rubus idaeus) field in Lynden, WA (WA1). Yellow dots 
indicate sampling locations. Legend indicates maximum and minimum amount of DNA detected 
within the field. (UTM Zone 10, WGS84; Base map: Esri) 

39.6 ng 
 

0 ng 
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Figure 16. Phytophthora root rot disease distribution interpolated from visual disease ratings in a 
red raspberry (Rubus idaeus) field in Lynden, WA (WA1). Plants were rated on a 1 (healthy) to 
10 (dead) scale. Yellow dots indicate sampling locations. Legend indicates maximum and 
minimum rating within the field. (UTM Zone 10, WGS84; Base map: Esri) 
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Figure 17. Relative elevation interpolated from GPS elevation data in a red raspberry (Rubus 
idaeus) field in Lynden, WA (WA1). Yellow dots indicate sampling locations. Legend indicates 
maximum and minimum relative elevation within the field. (UTM Zone 10, WGS84; Base map: 
Esri) 
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Figure 18. Pratylenchus penetrans root population distribution interpolated from P. penetrans/g 
root in a red raspberry (Rubus idaeus) field in Lynden, WA (WA1). Yellow dots indicate 
sampling locations. Legend indicates maximum and minimum P. penetrans populations 
detected. (UTM Zone 10, WGS84; Base map: Esri) 
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Figure 19. Pratylenchus penetrans soil population distribution interpolated from P. penetrans\/g 
soil in a red raspberry (Rubus idaeus) field in Lynden, WA (WA1). Yellow dots indicate 
sampling locations. Legend indicates maximum and minimum P. penetrans populations 
detected. (UTM Zone 10, WGS84; Base map: Esri) 

2/g soil 

0/g soil 
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Figure 20. Phytophthora rubi distribution interpolated from P. rubi DNA detected (ng) using 
qPCR analysis in a red raspberry (Rubus idaeus) field in Lynden, WA (WA2). Yellow dots 
indicate sampling locations. Legend indicates maximum and minimum amount of DNA detected 
within the field. (UTM Zone 10, WGS84; Base map: Esri) 

31.8 ng 

0 ng 
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Figure 21. Phytophthora root rot disease distribution interpolated from visual disease ratings in a 
red raspberry (Rubus idaeus) field in Lynden, WA (WA2). Plants were rated on a 1 (healthy) to 
10 (dead) scale. Yellow dots indicate sampling locations. Legend indicates maximum and 
minimum rating within the field. (UTM Zone 10, WGS84; Base map: Esri) 
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Figure 22. Relative elevation interpolated from GPS elevation data in a red raspberry (Rubus 
idaeus) field in Lynden, WA (WA2). Yellow dots indicate sampling locations. Legend indicates 
maximum and minimum relative elevation within the field. (UTM Zone 10, WGS84; Base map: 
Esri) 



87 
 

 
 

Figure 23. Pratylenchus penetrans root population distribution interpolated from P. penetrans/g 
root in a red raspberry (Rubus idaeus) field in Lynden, WA (WA2). Yellow dots indicate 
sampling locations. Legend indicates maximum and minimum P. penetrans populations 
detected. (UTM Zone 10, WGS84; Base map: Esri) 
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Figure 24. Pratylenchus penetrans soil population distribution interpolated from P. penetrans/g 
soil in a red raspberry (Rubus idaeus) field in Lynden, WA (WA2). Yellow dots indicate 
sampling locations. Legend indicates maximum and minimum P. penetrans populations 
detected. (UTM Zone 10, WGS84; Base map: Esri) 

9/g soil 

0/g soil 
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CHAPTER IV 

Conclusion 

 

4.1   Conclusion  

The Pacific Northwest is the largest processed red raspberry producing regions in the 

country with a total value of approximately $65 (United States Department of Agriculture, 

2015). Two of the most important factors constraining production in this region are the presence 

of the soilborne pathogens, Pratylenchus penetrans, a plant-parasitic nematode, and 

Phytophthora rubi, an oomycete that causes root rot (McElroy, 1991; Wilcox, 1991; Gigot et al., 

2013). Due, in part, to the presence of these pathogens, the productive lifespan of raspberry 

fields has decreased from over 10 years down to 5-7 years (Wilcox et al., 1993; McElroy, 1992). 

 Typical management of these pathogens relies on pre-plant soil fumigation. However, 

current EPA regulations and restrictions have made the process of soil fumigation more difficult 

and expensive for growers and there have been several reports of the fumigation failures in this 

production system. Once a raspberry planting is established, there are few ways to manage 

nematodes. It is possible to manage P. rubi if detected early; however, the overuse of fungicides 

places the industry at risk of fungicide resistance. This research was conducted to understand 

more about the biology and distribution of P. rubi and P. penetrans in the raspberry production 

system, with the goal of generating information for growers to allow them to more easily and 

effectively target and manage these pathogens. 

 Fumigation typically takes place 1 to 2 months after harvest and the removal of plants. If 

nematodes are residing in those roots during the time of fumigation, there is potential that they 

may be protected from the effects of fumigation and become an inoculum source for plants 

planted in the following spring. In one study, the residency time of P. penetrans in raspberry 
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roots left in the field after plant removal was investigated. Pratylenchus penetrans was recovered 

from residual root material between 6 and 8 months after removal of the plant, a timeframe well 

beyond the common industry timeframe of 1 to 2 month between old planting removal and 

fumigation. The treatment of plants with herbicide prior to plant destruction helped to decrease 

nematode population densities in roots over untreated plants, but P. penetrans was still recovered 

from herbicide treated roots 8 months after plant removal. Our results demonstrated that residual 

root material has the potential to function as a source of P. penetrans inoculum for the next 

raspberry planting. 

 In another study, the vertical distribution of P. penetrans was investigated at three 

different times throughout the raspberry field re-establishment process to determine if and where 

nematodes are surviving soil fumigation. Samples were collected from two fields at three 

different times: pre-fumigation, after fumigation with Telone C-35 injected to a depth of 45 cm 

(post-fumigation), and at planting. Pratylenchus penetrans was found throughout the soil profile 

down to a depth of 90 cm at both fields pre-fumigation. Post-fumigation population densities of 

nematodes were reduced; however, P. penetrans was still detected in both fields. The vertical 

distribution of P. penetrans varied between the field, with one field having P. penetrans present 

in the upper 60 cm of the soil, and the other having P. penetrans present between 60 and 90 cm 

after fumigation. This difference in distribution may have been due to differences in soil texture 

between the fields and the ability of the soil fumigant to move in different soil types. At planting 

P. penetrans was found at a similar distribution pattern as at post-fumigation sampling. Based on 

these results, it is clear that P. penetrans are surviving the fumigation process to some extent and 

where may be based on soil texture. Further research is needed to determine if survival is based 
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simply on being out of the effective zone of fumigation or if another survival mechanism is at 

work. 

 In the final study, the horizontal distribution of P. rubi in four commercial fields in the 

region was investigated to determine if a measurable factor could be identified to aid in 

predicting what parts of the field are at risk of root rot cause by P. rubi. The incidence of P. rubi 

using a quantitative PCR assay was determined and mapped along with visual disease rating, 

elevation, P. penetrans root and soil populations, and soil texture. Regression analysis was used 

to determine if there was a relationship between P. rubi DNA concentrations and any of the other 

measured variables. Phytopthora rubi was widely distributed throughout a field; across the fields 

P. rubi incidence was >75%. In three of the fields a significant relationship between P. rubi 

DNA concentration and one or more of the other measured factors was observed. However, no 

factor was consistently demonstrated to be related to the distribution of P. rubi across the fields. 

While we did not identify a measurable variable that may be used to predict the incidence of P. 

rubi within Pacific Northwest raspberry fields, it is important to note that P. rubi is present 

throughout the field. 

 This research significantly advanced our understanding of the distribution dynamics of 

the two most significant soilborne pathogens of red raspberry in the Pacific Northwest. First, P. 

penetrans are surviving the process of fumigation to some degree. How exactly they are 

surviving, whether it is protection from the root, simply being out of the range of fumigation or a 

combination of both, is a future research priority. Second, P. rubi is widely distributed within 

raspberry fields. While disease hotspots were evident in these fields, and in several of the fields 

there was a relationship between P. rubi and disease severity, the fact is that >75% of plants 

within a field were infected with P. rubi. Why these plants are not showing symptoms cannot be 
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determined from this research, but may be a question that leads to future research on the 

interaction between host and pathogen. In conclusion, this research demonstrated how soilborne 

pathogens are distributed in raspberry fields. This information will be extended to growers 

allowing them to make more educated decisions when implementing management practices to 

control these production-limiting pathogens.  
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