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CHAPTER ONE: LITERATURE REVIEW 

Introduction 

Pythium is a genus of common root-rotting organisms often found thriving 

in the warm, humid climate of commercial greenhouses. With an extremely large 

host range, and ability to survive extreme climates and long periods without 

hosts, Pythium species can be dangerous to any cropping system. Biocide-

resistant Pythium strains have evolved across the country due to the frequent 

application of similar chemicals such as mefenoxam (Moorman et al. 2002). 

Therefore, an alternative mechanism to successfully control Pythium root rot 

must be found. One possibility to fill this void is Brassica seed meal; a by-product 

of the oil extraction process. Since Brassica species are used as common 

consumer oils such as canola oil, this by-product is abundantly available.  

Brassica seed meal contains compounds that can volatilize, and have the 

capacity to suppress many plant pathogens including fungi, bacteria, viruses, 

nematodes, as well as weeds. Throughout this chapter, Pythium will be 

examined as an organism and greenhouse pathogen. Then, Brassica seed meal 

will be reviewed as a potential agent to manage Pythium root rot diseases.  

Pythium 

Introduction 

Pythium spp. are part of the phylum Oomycota and have some 

morphological resemblance to true fungi (Kingdom Eumycota). However, the 

most notable difference between Oomycota and fungi is in the cell wall where 
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cellulose and glucans are prominent for the Oomycota, and true fungi have walls 

which mainly consist of chitin.  

 Two of the most infamous oomycetes are Phytophthora infestans and 

Plasmopara viticola causing late blight of potato and downy mildew of grapes, 

respectively (Fry and Grünwald 2010). Although it continues to be an issue, late 

blight of potato was most damaging in the mid-1800s when it notoriously caused 

the Great Irish Potato Famine (Sharma 2005). A vast monoculture of French 

grapes was similarly devastated in the late-1800s when P. viticola was 

introduced. This destruction of the grape crop led to the first usage of the 

Bordeaux mixture, and the beginning of chemical pathogen control (Ash 2000).  

 Closely related, although not as infamous, there are two especially 

dangerous species in the genus Pythium: P. aphanidermatum and P. ultimum 

(Beckerman 2011; Fry and Grünwald 2010; Hoagland et al. 2008; Martin and 

Loper 1999; Mazzola, Reardon, and Brown 2012; Moorman et al. 2002; Sharma 

2005). This is mostly due to their lack of host specificity, meaning they can attack 

a variety of plant hosts across a diversity of environments. P. ultimum is 

especially dangerous because of its extensive range of up to 150 known host 

species (Martin 1992; Webster and Weber 2007).   

 

Hosts 

 Pythium is an adaptive organism and has been found parasitizing a variety 

of host plants, in an array of environments including greenhouses. Host plants 

range from ornamental to food crops. Stephens and Powell (1982) found multiple 
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species of Pythium to be pathogenic to nine different host plants: tomato, pepper, 

cabbage, Ageratum, Impatiens, Celosia, Salvia, eggplant, and Vinca. Edible 

crops such as cucumbers can also be infected by Pythium (Al-Sadi et al. 2010). 

Moorman et al. (2002) received 110 plant samples across 36 different host 

species at their diagnostic clinics in Pennsylvania from 1996 to 2001. At least 

one species of Pythium was found in each of these samples. Specifically, P. 

aphanidermatum was found in nearly one-third of their total samples and in over 

three-fourths of their poinsettia (Euphorbia pulcherrima) samples, a fundamental 

horticultural crop.   

 

Damping-Off 

 Although Pythium spp. are causal organisms for a variety of diseases and 

there are other causal organisms associated with damping-off, Pythium, 

damping-off, and root rot are nearly synonymous. Damping-off is detrimental 

globally and affects a broad range of plant hosts (Sharma 2005). Most 

characteristically, damping-off manifests with seeds and seedlings. The disease 

is typically recognized as pre-emergence and post-emergence damping-off 

(Martin and Loper 1999).  

 In pre-emergence damping-off, the seeds are infected shortly after 

germination and seedlings rarely break the soil surface. Therefore, the only 

visible symptom is poor crop stands. If a grower were to uncover the seeds, they 

would find them rotted and disintegrated (Sharma 2005). Pre-emergence 

damping-off occurs because when seeds germinate, their roots produce 
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exudates when imbibing water which stimulate and attract Pythium zoospores. 

This process can lead to infection in just a few hours after sowing seeds (Martin 

and Loper 1999).   

 In post-emergence damping-off, vulnerable seedlings are attacked and 

initially show symptoms of flaccidity and water-soaked stem lesions, especially at 

the base of the hypocotyl (Webster and Weber 2007). The organism penetrates 

the host and pectinase enzymes break down cell walls, notably the middle 

lamella which holds plant cells together, causing the initial lesions (Sharma 2005; 

Webster and Weber 2007). This colonization process causes the overall 

structure of the tissue to weaken, especially at the base of the plant. This 

weakened stem base does not have enough strength to hold up the upper parts 

of the plant causing the seedling to fall over, also known as lodging (Sharma 

2005). Once fallen over, most plant species have little chance of recovery; the 

organism will continue to colonize and the seedling will wither. Any seedlings that 

survive this infection are often stunted and less vigorous (Martin and Loper 

1999).  

 Eventually, growers may see a sign of the organism when the vegetative 

mycelia grow throughout and onto the surface of the soilless medium. This 

appears as a light-colored, filamentous material, similar to shreds of a cotton ball, 

coming up through the medium.  

 Although not as common as pre- and post-emergence damping-off, 

Pythium spp. also infect mature plants. Usually attacking younger roots, 

symptoms manifest as poor growth and yield, inefficient nutrient utilization, and 
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Pythium infections may also serve as entry points for secondary pathogens 

(Martin and Loper 1999).   

 

Pathogen Spread 

 Pythium species can be introduced into a greenhouse environment from 

infected transplants, infested media or pots, or on infested insects. It can also be 

harbored in the greenhouse in benches, hoses, walkways, and plant containers. 

The meiotic spores, oospores, can survive without a host or organic matter for 

several months to over a year, depending on the species. The two species of 

interest in this research, P. aphanidermatum and P. ultimum, have been known 

to survive up to 8 months and 11 months, respectively, without a host or optimal 

conditions (Martin and Loper 1999). Additionally, Pythium exhibits constitutive 

dormancy meaning that although the environment is conducive for oospore 

germination, not all oospores germinate at the same time (Martin and Loper 

1999). This type of dormancy increases the organisms’ chance of survival and 

therefore the chance of disease recurrence.   

 As many species of Pythium produce mobile zoospores, the most 

common method of spread through a crop stand is through watering. Irrigation at 

higher pressures induces splashing, which may carry the pathogen onto new 

plants (PennState Extension 2016a). The best option to reduce transfer is 

through the use of drip irrigation. With this system, each pot has an emitter that 

slowly waters the plant at the soil surface and does not cause splashing.  

 Although high soil moisture encourages Pythium growth, it also 
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encourages insects such as fungus gnats and shore flies. These insects have 

been noted as vectors of Pythium, and would contribute to spread of Pythium 

throughout the greenhouse (Beckerman 2011).  

 

Management 

 Greenhouses can provide ideal environments for Pythium survival, 

infection, and spread. The pathogen thrives and spreads easily in high soil 

moisture conditions such as well-watered greenhouse plants. The warm, humid 

climate of most greenhouses is also conducive to Pythium growth, especially 

species like P. aphanidermatum, that favor higher temperatures (Koike and Wilen 

2009). For long-term crops such as poinsettias, Euphorbia pulcherrima, it is not 

uncommon to see a wide range of Pythium species infecting roots due to the 

changes in climates during the extended production season from late summer to 

early winter (Beckerman 2011).  

 Within the Pythium genus, there is a wide range of species. Some of these 

species prefer cooler, spring temperatures while some thrive in the heat of mid-

summer. Different species are found over a variety of soil depths; they may 

inhabit a diversity of host plants and can even remain dormant in most any 

location waiting for the proper climate or host. It is time consuming to produce 

and examine the reproductive structures necessary for species-specific 

identification (Moorman et al. 2002). The expense of identifying individual 

species is not feasible for most greenhouse growers. Therefore, a management 

method that works across a range of Pythium species and host plants is desired. 
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Control 

 The combination of conducive environments and the high per-plant value 

of greenhouse crops mean that control of Pythium diseases is an economic 

necessity for growers of commercial greenhouse crops. Symptoms of Pythium 

damping-off usually manifest too late for growers to save their crops as the 

disease has already progressed significantly. Therefore, most control measures 

are preventative, including cultural practices and chemical applications 

(PennState Extension 2016b).  

 

Cultural Control 

Cultural practices to reduce Pythium infestations in greenhouses include: 

sanitation, monitoring, proper watering and other best management practices for 

healthy plants. Sanitation of tools, benches, plant containers, potting equipment 

and workers can help prevent the spread of a pathogen already active in a crop 

and can reduce the harboring of Pythium structures in the greenhouse 

(PennState Extension 2016a; PennState Extension 2016b). Growers with 

recurrent Pythium problems may employ additional sanitation measures such as 

autoclaving media or chemically treating it before use (Koike and Wilen 2009; 

Sharma 2005). Careful monitoring of plants to immediately remove any 

potentially infected plants will also reduce the spread of an active pathogen.  

 Pythium species thrive in wet environments. Overwatering or media that 

do not drain well can encourage growth and the spread of these pathogens 

(Beckerman 2011). Commercial greenhouse producers typically use a well-
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draining medium such as Pro-Mix (Premier Tech Horticulture, Quebec Canada), 

so the more common concern is overwatering. Watering only when a plant 

requires it, not based on a watering schedule is ideal. This practice is also helpful 

to reduce the impact of fungus gnats, other pathogens, and to increase overall 

plant health (Beckerman 2011).  

Plants under stress from factors such as transplant shock, overwatering, 

over-fertilization, high salts, improper pH, and secondary pathogens are more 

susceptible to Pythium (Beckerman 2011). Therefore, general best management 

practices to maintain healthy plants will help reduce Pythium infection and 

spread.  

 

Chemical Control 

 Many effective biocides are already available for control of Pythium root 

rot. As symptoms of damping-off usually manifest too late for growers to save 

infected plants, most control measures are preventative. The nature of 

preventative applications leads to high costs and increased biocide resistance. 

 Two of the most common chemicals for Pythium root diseases are Subdue 

MAXX® (mefenoxam) (Syngenta, Basel Switzerland) and Banrot® (etridiazole 

and thiophanate-methyl) (Everris, Marysville, OH). The first is labeled for use on 

turf, landscape, and greenhouse ornamentals to control Pythium and 

Phytophthora. The second, Banrot®, is labeled for ornamental and nursery crops 

only, but controls a wider range of rot-inducing pathogens including Pythium, 

Phytophthora, Rhizoctonia, Fusarium and Thielaviopsis. Notably, neither biocide 
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is labeled for edible crops.  

 Another option for chemical control is preventative seed treatments with 

chemicals such as Phygon (Hopkins, Madison WI) and Captan (Drexel, 

Memphis, TN) (Sharma 2005). These help protect seeds from pre-emergence 

damping-off.  

 Soil testing for causal organism identification is important with recurrent 

diseases because although broad-spectrum chemicals like Banrot® are effective 

in controlling many root rotting organisms, many other chemicals labeled for root 

rot may only control a single pathogen (Beckerman 2011). Knowledge of the 

specific pathogen will aid in selection of appropriate chemical control. A chemical 

control program which alternates the use of several active ingredients will reduce 

the development of pathogen resistance.   

 Using broad-spectrum biocides with the same or similar modes of action 

along with consistent preventative applications leads to the development of 

pathogen resistance. Approximately 40% of the collected P. aphanidermatum 

and P. irregulare isolates from Pennsylvania greenhouse growers showed 

resistance to mefenoxam in one study. This is especially dangerous because 

those two species were present in 74% of Pythium-positive samples from 1996 to 

2001 (Moorman et al. 2002). To reduce the development of biocide resistance, 

an effort to rotate active ingredients and modes of action must be employed 

(Harlan and Hausbeck 2012). 
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Biological Control 

Biological control is the use of natural enemies to reduce the population or 

infection rate of plant pathogens (University of Minnesota Extension 2016). 

Pythium species, as primary colonizers of plant tissue, do not compete well with 

other organisms that are already established (Webster and Weber 2007). 

Therefore, in addition to cultural practices and chemical biocides, there have 

been several studies on control methods for Pythium root rot utilizing biological 

control agents. Some of these agents are already on the commercial market. 

One example is Actinovate® (Novozymes BioAg, Inc., Brookfield WI) which 

contains Streptomyces lydicus, a bacterium that parasitizes root rotting 

pathogens. Actinovate® is labeled for application on crops up to the day of 

harvest, but it is not labeled for use on edible plants.  

 Another bacterium, which has been tested but is not yet on the 

commercial market, is Pseudomonas fluroescens. It has been shown to improve 

Pythium suppression when used in combination with certain biocides. Salman 

and Abuamsha (2012) hypothesized these biocides provided short-term control 

in the critical germination and seedling stages while the Pseudomonas provided 

longer-term protection. Biocides are the most effective method to control 

damping-off in young plants while cultural practices, and potentially these 

antagonistic bacteria, can help with long-term control (Martin and Loper 1999).  
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Brassica 

Introduction 

Commonly grown in temperate regions such as Canada and Europe, 

Brassica crops are used for a variety of purposes such as condiment mustards 

and vegetable oil (Kimber and McGregor 1995). Many species are grown 

specifically for the seeds including black mustard (Brassica nigra (L.) Koch), 

oriental or brown mustard (Brassica juncea (L.) Czern.), and white mustard 

(Sinapsis alba L.), which is also in the Brassica family. Of these species, the 

plants that produce higher-quality seeds are often utilized for condiment mustard 

and oil extraction (Vaughan 1977). Some other species are used for direct 

consumption of plant tissue including Brassica oleracea, which contains common 

vegetable crops like kale, cauliflower, cabbage and kohlrabi, Brassica napus, 

including rutabaga, and Brassica campestris (L. sensu lato), with Chinese 

cabbages and turnips (Vaughan 1977). The other major use of Brassica crops is 

oil production. The main crops for this purpose are oriental mustard (B. juncea) 

and Abyssinian mustard (B. carinata), but the latter’s growth is generally 

restricted to Ethiopia (Vaughan 1977).  

Although uncertain, the origin of B. juncea is thought be Central Asia or 

the Middle East, and a product of wild B. rapa and B. nigra hybridization (Duke 

1997; Kimber and McGregor 1995). It is now grown worldwide, but is of particular 

importance in China, the northern part of India, and surrounding territories 

(Kimber and McGregor 1995).  A phenotypic range of cultivars leads to the 

varying common names; yellow-seeded cultivars are known as yellow or Oriental 
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mustard, while brown-seeded cultivars are known as brown mustard (Kimber and 

McGregor 1995).  

 

Products 

Brassica oils have been used for centuries, dating as far back as 1570. 

They only gained popularity in western culture as edible oils since World War II 

(Kimber and McGregor 1995).  These oils have many purposes ranging from 

direct consumption, to lubricants and hair oil, to usage as an additive in fresh 

apple cider that slows fermentation (Duke 1997). The most commonly known 

Brassica oil is canola oil, originating from the canola, rape, or rapeseed plant, 

Brassica napus.  

In order to manufacture these consumer products, the oil must be 

extracted from the seed. This complex process includes mechanical extraction by 

dehulling, heating, and crushing the seed to extract the first portion of oil, 

followed by a solvent extraction to retrieve the remaining oil content (Kimber and 

McGregor 1995).  Once the oil has been separated, the remaining seed content 

is referred to as the meal. This byproduct is high in protein and carbohydrates 

and contains many essential amino acids, making it a viable option for animal 

feed or feed supplements, although its earliest known use was as a fertilizer 

(Duke 1997; Kimber and McGregor 1995).  
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Glucosinolates 

Brassica plant organs include sulfur-containing compounds called 

glucosinolates (GSLs), which give the plant and plant products their pungent, 

sulfuric flavor. There are over 90 identified GSLs but only a few are usually found 

in each species. They are found in different ratios depending on the plant species 

and are affected by environmental factors, but not significantly (Kirkegaard and 

Sarwar 1998; Farnham et al. 2004). Although GSLs are not exclusive to the 

Brassica family, they are found in uniquely substantial amounts in members of 

this genus.  

 Brassica plants also contain an enzyme called myrosinase. Myrosinase 

does not come into contact with GSLs within the plant but does once the plant 

tissue is crushed, such as in the oil extraction process. Then, once in the 

presence of moisture, myrosinase aids in the hydrolysis of GSLs (Kimber and 

McGregor 1995). This process yields isothiocyanates (ITCs) and other products. 

When some GSLs are broken down, their ITCs are stable, especially in neutral 

conditions. However, as noted above, not all Brassica plants contain the same 

GSLs. Some GSLs yield unstable and volatile ITCs that can be dangerous if 

ingested or touched, especially in high concentrations, making them hazardous 

for human use or animal consumption (Duke 1997).  

 

Maximizing ITCs  

Acknowledging the potential toxicity of some ITCs, Brassica producers 

have looked for new ways to utilize the seed meal. If the volatile ITCs were not 
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desirable for consumable products, what non-consumable applications could 

there be? Can the volatility be advantageous? Scientists began examining these 

possibilities and found several potential uses including biofumigation or use as a 

chemical alternative for control of insects, weeds and various plant pathogens.  

Farmers, especially those using organic production methods, have utilized 

Brassica crops to their advantage for many years by utilizing the plants as green 

manure. Doubling as a cover crop to reduce erosion, as the Brassica plants are 

tilled under, they are ripped up and incorporated into the soil (Clark 2007).  

Combined with a moist soil profile and an impermeable covering such as a 

plastic tarp, the soil is fumigated to reduce pathogen and weed populations. The 

resulting pest control is thought to be a product of the volatile ITCs. However, the 

results can be inconsistent and potentially damaging to the desired crop 

(Fayzalla, El-Barougy, and El-Rayes 2009; Kirkegaard and Sarwar 1998; Scott 

and Knudsen 1999).  

The first step in reducing the inconsistencies in the use of ITCs to 

suppress pests is comprehending why the successful applications work and then 

maximizing the potential of these methods. One such example is locating the 

highest concentration of GSLs, and therefore ITCs, in the plant. Assuming ITCs 

are responsible for at least some of the observed pest suppression effects, 

maximizing GSL concentration would increase suppression efficiency and 

capitalize on the volatility of the ITCs. Although found throughout the plant, the 

highest concentration of GSLs were discovered in the seed (Borek and Morra 

2005). Following that report, most of the research focused on seed meal.  



15	
	

With ITCs as the source for suppression capacity, consistent and small 

pieces of plant tissue are necessary. As noted above for effective control, when 

individual plant cells are crushed, the enzyme myrosinase comes into contact 

with the GSLs to induce their transformation into the volatile ITCs (Gimsing and 

Kirkegaard 2006). To capitalize on all the GSLs and myrosinase enzymes in the 

cell, more plant cells must be ruptured. This is a primary reason why the green 

manure process is inconsistent; too few plant cells are crushed and large pieces 

of tissue often remain intact (Clark 2007). These large tissue pieces may 

continue to release volatile ITCs as the tissues continue to break down over time. 

This delayed release of ITCs can explain some of the deleterious effects shown 

on desired crops long after incorporation of the green manure crop. Therefore, 

uniform and small pieces of tissue can maximize efficiency and consistency of 

the GSL-to-ITC transformation process, especially when seed material is used as 

the GSL source (Mazzola and Zhao 2010).  

 

Brassica Pest Control 

 Many studies have been conducted on the use of Brassica tissue as a 

means of pathogen control, including pulverized vegetative tissue, both fresh and 

dried, and the seed meal (Bending and Lincoln 1999; Gimsing and Kirkegaard 

2006; Scott and Knudsen 1999).  These studies have reported suppression of 

many common plant pathogens including Bipolaris sorokiniana, Fusarium spp., 

Gaeumannomyces graminis, Macrophomina phaseolina, Pythium, Rhizoctonia 

solani and Sclertotium rolfsii (Chung et al. 2002; Chung et al. 2003; Fayzalla, El-
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Barougy, and El-Rayes 2009; Kirkegaard et al. 1996; Mazzola and Zhao 2010). 

In addition to pathogens, Brassica crops have shown deleterious effects on weed 

species, as well as a correlation with population decreases in nematodes and 

some insect larval species (Boydston, Anderson, and Vaughn 2008; Cohen, 

Yamasaki, and Mazzola 2005; Earlywine et al. 2010; Hoagland et al. 2008; 

Mazzola and Zhao 2010; McFadden, Potter, and Brandle 1992).  

A variety of Brassica plants have shown these suppressive effects 

including B. napus, B. juncea, B. oleracea (multiple varieties), B. campestris 

(multiple subspecies), B. nigra, and Sinapsis alba (Chung et al. 2002; Chung et 

al. 2003; Handiseni et al. 2013; Kirkegaard et al. 1996). However, B. juncea is 

the most widely used due to the comparatively high suppressive effects and 

levels of specific volatile compounds (Charron and Sams 1999). In B. juncea, 

one of the prominent GSLs is sinigrin, which hydrolyzes into an especially 

effective allyl-ITC (Handiseni et al. 2012; Kimber and McGregor 1995).   

 

Plant Pathogen Suppression 

There is a variety of microfauna in and around plant production systems 

that can be pathogenic to the desired crops. Some microbial species are active 

and thriving, while some are dormant and waiting for the perfect climate and 

host. Brassica plants have demonstrated a capacity to suppress many of these 

plant pathogens both in in vitro settings and in field settings. Charron and Sams 

(1999) proved that Brassica leaf tissue was biocidal to Pythium ultimum and 

suppressive to Rhizoctonia solani. Chung et al. (2002) showed that Brassica 



17	
	

juncea seed meal was completely inhibitory towards R. solani, with incomplete 

suppression to a few other species tested. Fayzalla, El-Barougy, and El-Rayes 

(2009) illustrated suppressive effects on Fusarium oxysporum, Rhizoctonia 

solani, Macrophomina phaseolina, and Sclerotium rolfsii. These organisms’ 

growth had a negative relationship with an increase in the rate of seed meal 

applied; more meal correlated with less growth. Kirkegaard et al. (1996) found 

similar results with Brassica juncea seed meal on Gaeumannomyces graminis 

var. triticii, Rhizoctonia solani, Fusarium graminearum, Bipolaris sorokiniana, and 

some suppression to Pythium irregulare. These are just a few of the reports with 

evidence supporting the pathogen suppression capacity of Brassica tissues. 

 

Weed Suppression 

 Weeds compete for vital resources such as water, nutrients, and sunlight. 

Hoping to find an alternative to ozone-depleting, banned soil fumigants such as 

methyl bromide, Earlywine et al. (2010) tested Brassica seed meal as a fumigant 

for weed control in turf.  They found a positive correlation between B. juncea 

seed meal rates and weed suppression across many broadleaf and grass 

species. Other investigators also found herbicidal properties in other seed meals, 

such as B. napus and S. alba, although the mode of action was likely different 

than that of the B. juncea-induced weed suppression (Borek and Morra 2005; 

Hoagland et al. 2008).   
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Nematode Suppression 

 The application of Brassica tissues can cause a decrease in nematode 

population, especially that of Pratylenchus, a lesion nematode (Cohen, 

Yamasaki, and Mazzola 2005; McFadden, Potter, and Brandle 1992). Potter et 

al. (1998) found six species of Brassica leaf tissue incorporated into the soil to be 

nematicidal against Pratylenchus neglectus, ranging from 56.2% control with B. 

nigra, and up to 95.2% with B. oxyrrhina (Potter, Davies, and Rathjen 1998).  

 

Mode of Action 

 Isothiocyanates (ITCs) have long been thought to be the primary, and 

even sole, reason why Brassica species control pathogens, pests, and weeds. 

However, there is some evidence that ITCs do not act alone and may not have  

direct effects on some pathogens or pests. 

 

More Than Isothiocyanates (ITCs) 

The GSL-to-ITC hydrolysis process is directly related to biocidal control. In 

an in vitro setting, Charron and Sams (1999) found macerated Brassica leaf 

tissue to be biocidal to Pythium ultimum and slowed the growth of R. solani. 

Chung et al. (2002) tested synthetically produced allyl-ITC on Rhizoctonia and 

found suppression of mycelial growth. Thus proving that allyl-ITC, which is a 

natural compound produced by Brassica seed meals, has the capacity to 

suppress Rhizoctonia growth.  

The conversion mechanism of GSL-to-ITC hydrolysis has long been 
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believed to be required for the suppression capacity of Brassica tissues. 

However, researchers have more recently found inconsistencies with the 

application of this theory and suggest that other pathways are also functioning, 

especially outside controlled, lab environments.   

 If the originally hypothesized mechanism of control were the sole 

contributor, the control of pathogens would correspond temporally with the 

release of ITCs. However, this is not always the case. Charron and Sams (1999) 

found through gas chromatography that the volatile ITCs released from Brassica 

tissues are not consistent over time. Some compounds are immediately released 

and rapidly decline after only 15 minutes, several have low concentrations after 4 

days, and most are barely detectable after less than two weeks; all suggesting 

short-term control in applied settings (Charron and Sams 1999; Cohen, 

Yamasaki, and Mazzola 2005; Gimsing and Kirkegaard 2006). However, Cohen, 

Yamasaki, and Mazzola (2005) still found suppression of Rhizoctonia weeks after 

incorporation, despite being beyond the window of ITC release. This observation 

pointed to some other mechanism, or at least a contributing mechanism in 

pathogen control. 

  

Indirect Effects: Rhizosphere Ecology Manipulation 

 After determining that multiple mechanisms may explain disease 

suppression by Brassica seed meal, a new hypothesis suggested an indirect 

control method. Resident populations of soil microorganisms are affected by the 

Brassica tissues and those microorganisms have antagonistic effects on certain 
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pathogens, like Rhizoctonia. In fact, some suggested that ITCs may have no 

direct effects at all on certain pathogens in the field, including Rhizoctonia 

(Cohen, Yamasaki, and Mazzola 2005; Mazzola et al. 2007).  

 One of the soil resident organisms which may be enhanced by Brassica 

seed meal is Streptomyces, a soil-dwelling bacterium. Cohen, Yamasaki, and 

Mazzola (2005) suggested that the Brassica tissues cause an increase in 

resident Streptomyces, and therefore an increase their antibiotic products, which 

have an effect on Rhizoctonia. When Mazzola et al. (2007) pasteurized their 

seed meal-amended soil prior to R. solani inoculation, the seed meal was 

denatured and the Streptomyces population was eliminated. This pasteurization 

treatment was correlated with a significant loss of disease control. Others, noting 

a variable relationship between Streptomyces counts and Pythium incidence, 

suggest that Streptomyces population do not play a role in the suppression of 

Pythium or other organisms (Mazzola and Zhao 2010; Weerakoon et al. 2012). 

The correlation between an increase in the Streptomyces population and a 

decrease in Rhizoctonia-caused diseases may be the only antagonistic 

relationship consistently supported by the Brassica seed meal research 

community. Other pathogens, like Pythium species, are either inconsistently 

controlled or even stimulated by the presence of Streptomyces. Therefore, if the 

change in soil microbial community composition is the reason for control across 

many plant pathogens, it is likely due to a variety of population changes, not just 

one.  

 Weerakoon et al. (2012) tested the effects of B. juncea seed meal on the 
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rhizosphere microbial community structure and found different organisms were 

preferentially enhanced. They found increases in Trichoderma spp., and 

Mortierella alpina, and decreases in Mortierella elongata, Verticillium spp., 

Cenoccocum geophilum, Rhinocladiella spp. and Cylindrocarpon spp. Overall, 

the change in soil microbial community is an area that should be further studied if 

widespread field application is desired. Preferential enhancement and selective 

elimination of soil organisms could result in a worse outcome for the rhizosphere 

and desired crop, both for the short and long term.  

 Although little is known about which organisms are enhanced and which 

are suppressed, the change in soil microbial populations by Brassica tissues is 

accepted (Cohen, Yamasaki, and Mazzola 2005; Mazzola et al. 2007; 

Weerakoon et al. 2012). However, the method by which changes occur and 

which organisms are affected is little known. Do ITCs directly affect some soil 

organisms that then antagonize the plant pathogens causing an indirect control? 

Alternatively, is some mechanism other than ITCs responsible?  

 As noted above, some research has involved including a soybean seed 

meal treatment along with the Brassica seed meals. Hoagland et al. (2008) found 

a similar stimulatory effect in Pythium populations with a soybean meal 

amendment, as found in the Brassica meal amended soil. Correspondingly, both 

amendments showed weed control effects, indicating that whatever mechanism 

was responsible for these effects was not unique to the Brassica seed meal 

(Hoagland et al. 2008). Mazzola et al. (2007) also supported these conclusions 

when they found that seed meals of B. juncea, S. alba, and several varieties of B. 
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napus, regardless of differing glucosinolate (GSL) content, demonstrated 

statistically similar control of Rhizoctonia. Furthermore, with an application of a 

Pythium-controlling biocide mefenoxam, Hoagland et al. (2008) found an 

increase in weed emergence and biomass across all treatments. This result 

suggested again that microbial activity, namely a decrease or elimination of 

resident Pythium, plays a role in suppression.  

 Finally, although B. juncea seed meal does produce active ITCs and has 

been well documented as a Pythium control strategy, Mazzola, Reardon, and 

Brown (2012) found that although there was a significant reduction in disease 

incidence there was not a reduction in Pythium densities of the field soil tested. 

This indicates the mode of action for Pythium disease control is indirect, 

suppressing infection, not affecting pathogen mortality. This result could also 

explain some of the variation among studies examining soil populations, 

densities, and infection rates; decreases in host infections do not necessarily 

mean that the seed meals killed the pathogens (Mazzola, Reardon, and Brown 

2012). The reduction in infection and colonization could be the result of Pythium 

serving as a primary colonizer. Preferential enhancement of an antagonistic 

species could cause the reduction in infection by Pythium species. 

 

LOX Pathway 

 The GSL-to-ITC conversion hypothesis has been supported by the timing 

of control. Charron and Sams (1999) found ITC emission nearly complete within 

24 hours, similar to the observed pathogen control. However, it is possible that 
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other plant products following similar emission timing may be involved. LOXs, or 

lipoxygenases, are involved in many physiological processes in plants but are 

primary contributors to a pathway in which fatty acid substrates are transformed 

into volatiles, also known as the LOX pathway (Gigot et al. 2010; Siedow 1991).  

 Charron and Sams (1999) evaluated the compounds released from 

macerated Brassica juncea tissues and found immediate, very high 

concentrations of (Z)-3-hexenal, a LOX pathway product, but also found it to 

disappear within 30 minutes. This timing is similar to some of the prominent ITC 

compounds. Furthermore, LOX pathway products were detected among five 

cultivars of B. juncea and B. oleracea, but not B. campestris, which was the least 

inhibitory to P. ultimum and R. solani radial growth (Charron and Sams 1999). 

Further supporting this hypothesis, they also found that all Brassica species 

tested inhibited both P. ultimum and R. solani, despite not detecting ITCs in 

some. 

 

Autoclaving 

 There are several hypotheses regarding the mechanisms by which 

Brassica tissues lead to disease suppression. Each hypothesis may be accurate 

in some environments for some organisms. Regardless of which mechanism is 

responsible, at least for the control of Pythium abappressorium, the primary 

mechanism is reliant on intact seed meal. Autoclaving is a pressurized steam 

sterilization process commonly used for pathogen control in soils. This process 

denatures proteins and can easily kill living organisms. Weerakoon et al. (2012) 
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tested the effect of autoclaving on Brassica seed meal and found that non-

autoclaved (intact) B. juncea seed meal showed significant Pythium 

abappressorium suppression but when the seed meal was autoclaved 

(denatured), an increase in P. abappressorium infection resulted. In fact, they 

observed a higher infection rate using denatured B. juncea seed meal than in the 

control. This suggests that the autoclaving or denaturing destroys a key 

component causing the Pythium suppression (Weerakoon et al. 2012). Although 

unproven, the increase of Pythium infection in the autoclaved treatment versus 

the control may be due to the nutrient content of the meal serving as a food 

source to enhance Pythium growth.  

 Handiseni et al. (2012, 2013) also investigated the effect of autoclaving 

Brassica seed meal. In separate experiments, they tested seed meal effects on  

Rhizoctonia solani infecting winter wheat and Pythium ultimum infecting 

tomatoes and peppers. Autoclaving of the seed meal was completed to denature 

the myrosinase enzyme, responsible for the GSL-to-ITC conversion process. 

There was no difference in tomato emergence between intact or denatured B. 

juncea seed meals. However, intact B. napus seed meal stimulated tomato 

emergence over its denatured counterpart, and denatured S. alba seed meal  

increased tomato emergence over its intact counterpart (Handiseni et al. 2012). 

The explanation offered for the improved emergence using the denatured S. alba 

seed meal over its intact counterpart was that the denaturing also destroyed a 

known phytotoxic compound unique to this species and that the presence of this 

compound in intact seed meals is detrimental to the seedlings independent of the 
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Pythium infection. Across all autoclaved and non-autoclaved Brassica 

treatments, the results suggested the opposite of the observations of Weerakoon 

et al. (2012). Instead, Handiseni et al. (2012) suggested that autoclaving or 

denaturing the seed meal may not eliminate the control mechanism altogether. 

Although these studies have conflicting results regarding the effects of 

autoclaved seed meal, they both demonstrated that the autoclaved or denatured 

seed meal provides inferior disease suppression effects.  

 

Multiple Mechanisms 

 As discussed above, there are conflicting reports on the mechanisms by 

which seed meals provide disease and pest control. Control mechanisms may 

include plant compounds like GSLs, LOXs and others, soil ecology, soil 

physiology, or a combination of factors. Further research should be done to 

examine combinations of these mechanisms.  

 One study suggesting that multiple mechanisms contributed to the control 

of Rhizoctonia solani, Mazzola et al. (2007) reported a range of results across 

time and among treatments.  The investigators showed disease control when the 

seed meal-amended soil was infested immediately. No disease control when the 

soil was infested 24 hours after the seed meal was incorporated into the soil. 

However, disease suppression reappeared when infestation was delayed 4 

weeks after amending the soil with seed meal. This reestablishment of R. solani 

suppression correlated with a reestablishment of Streptomyces populations. 

Overall the investigators concluded that the initial 24-hour control of R. solani 
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was due to the ITC emission, which is supported by the knowledge that almost all 

ITCs are emitted from B. juncea within 24 hours. However, any long-term control 

is dependent on stimulation of resident soil microbial populations, particularly  

Streptomyces (Charron and Sams 1999; Mazzola et al. 2007).  

 

Comparison to Currently Used Chemicals 

 Although research has shown that Brassica tissues including seed meal 

are successful in the control of many plant pathogens, its usage must be 

compared with pre-existing treatment methods. Fayzalla, et al. (2009) found no 

significant difference between Brassica seed meal and the biocide Rhizolex® in 

the suppression of Fusarium oxysporum, Rhizoctonia solani, Macrophomina 

phaseolina and Sclertotium rolfsii in soybeans (Fayzalla, El-Barougy, and El-

Rayes 2009). Mazzola and Brown (2010) found a combination B. juncea and B. 

napus seed meals to be as good as the soil fumigant 1,3-dichloropropene-

choloropicrin in controlling apple replant disease. Cohen, Yamasaki, and 

Mazzola (2005) found B. napus as effective as Telone C17 in the control of 

lesion nematodes, Pratylenchus. Although comparisons with a range of  

pathogen species and a range of pesticides is lacking, there is empirical support 

for the potential of Brassica tissues to substitute for existing pesticide strategies. 

 Due to the inconsistencies of results among studies with Brassica seed 

meal, there is interest in Brassica tissues being utilized in an Integrated Pest 

Management system in which synthetic chemicals are used as a last resort. 

Mazzola, Reardon, and Brown (2012) found consistent wheat emergence after 
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an application of mefenoxam across four types of seed meal-amended soil, 

meaning there was no crop-damaging reaction between the meals and the 

chemical. This result could lead to the development of a system where Brassica 

seed meals may be used to provide a more environmentally friendly control 

method until a disease threshold is reached, when the further action of traditional 

chemicals is required. 

 

Application 

 Despite uncertainty regarding mechanisms, there is a market for the 

utilization of Brassica tissues to control plant pathogens and weeds. A 

consideration for any new product is the method of application and delivery. Bare 

seed meal is unlike commonly used farming inputs like chemicals, granular 

fertilizer or seed. It is similar in appearance to cornmeal but is flakier, and the 

pieces differ slightly more in size. Due to this unfamiliarity and lack of a widely 

adopted practices, some of the field research on Brassica seed meal has 

included application method research.  

 A critical stage for pathogen infection is when plants are very young, 

during the germination and the seedling stages. Therefore, Chung et al. (2002) 

tested a variety of potential carriers that could utilize the seed meal as a seed 

treatment or coating. With a 1:1 ratio of seed meal to carrier, they found no 

reduction in the germination rate when the Brassica seed meal was combined 

with sawdust powder, black peat, or Biolan peat B3, a light Sphagnum peat. The 

Biolan was also the carrier that showed the highest reduction in damping-off 



28	
	

incidence. They found the optimal carrier blend to be 4:6 (v:v) seed meal:Biolan 

peat B3. In a large-scale application, they found a reduction from 49% disease 

incidence in the control to 23% in these treated cabbage seeds. There were no 

negative effects on the cabbage seedlings and actually showed an increase in 

fresh and dry mass of the treated seedlings (Chung et al. 2002).  

 In a larger field setting, two common application methods for products are 

banding and incorporation into the soil, both of which were tested by Kirkegaard 

et al. (1996) across many application rates. They found that banding the seed 

meal directly with the crop seed damaged the desired crop, especially at the 

higher application rates, and that banding several centimeters below the seed 

level or incorporating the seed meal throughout the top five centimeters of soil 

was a superior method (Kirkegaard et al. 1996). These methods can work 

because the ITCs are mobile in the soil, even downwards from the application 

site (Gimsing and Kirkegaard 2006). This mobility can increase the likelihood of 

pathogen contact with the mobile, suppressive compounds.  

 For larger, more mature plants, the proximity of seed meal to desired crop 

is not as critical. Boydston, Anderson, and Vaughn (2008) found no damage to 

their crops when they surface-applied S. alba seed meal onto 2.5-centimeter 

plugs of various container-grown ornamentals. This same surface application 

provided a significant reduction in emergence of several types of weeds.   

 

Combining Management Strategies 

 There is always a threat of pests, including plant pathogens, developing a 
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resistance to whatever management method is being utilized. Therefore, rotating 

modes of action is key to long-term control. Another strategy to avoid pathogen 

resistance is to combine modes of actions. Both rotation and combinations will be 

vital to the success of Brassica seed meal and to reducing resistance potential.  

 

Organisms 

 A bacterium, Pseudomonas boreopolis, has shown an ability to reduce 

damping-off by Pythium aphanidermatum. Chung et al. (2003) tested this 

bacterium in combination with 1% Brassica seed meal on lettuce seedlings and 

found a reduction of disease incidence from 55% in the control to 42% with the 

seed meal only treatment. But when combining the seed meal with 

Pseudomonas boreopolis, this treatment reduced damping-off of P. 

aphanidermatum to only 28% incidence, with no adverse effects on the 

seedlings. This mixture has been applied commercially for watermelon and other 

seedlings in Taiwan (Chung et al. 2003).  

 

Multiple Brassica Species 

 More recently, combining multiple Brassica species’ seed meals has been 

investigated due to the specificity of some Brassica seed meals. For example, 

Pythium is inhibited by B. juncea seed meals but stimulated by S. alba, B. napus 

and soybean meal amendments. Conversely, B. juncea showed no weed control 

capacity while S. alba, B. napus and soybean meals did (Hoagland et al. 2008). 

Although B. juncea suppressed Pythium populations, it stimulated others like 
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Phytophthora (Mazzola and Brown 2010). Specificity is very helpful when the 

pest or pathogen has been identified and can reduce the potential for resistance. 

However, in commercial settings it is not always known what pathogen is present 

without laboratory testing. Combining the effectiveness of different Brassica 

species on different pathogens or weeds may lead to a wider range of application 

possibilities.  

 There is some research on Brassica seed meal using a combination of 

Brassica species. Combinations of species have provided greater, broader 

suppression than any individual species’ seed meal (Mazzola et al. 2007; 

Mazzola, Reardon, and Brown 2012). A 1:1 combination of B. juncea and B. 

napus was demonstrated to be a viable alternative to the soil fumigant 1,3-

dichloropropene-choloropicrin in controlling apple replant disease, a disease 

which involves a pathogen complex (Mazzola and Brown 2010). This is a 

promising area for further research and may be necessary for commercial 

application of Brassica seed meals. 

 

Seed Meal and Chemicals 

 As previously discussed, there have been few studies involving the 

interaction between Brassica seed meal and common pesticides, especially in 

the development of an Integrated Pest Management program with the Brassica 

seed meal as an initial treatment. Mazzola, Reardon, and Brown (2012) found no 

damage to a wheat crop among treatments including four types of seed meal-

amended soil and an application of mefenoxam, meaning there was no 
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phytotoxic interaction and this chemical could be used in the same environment 

as the seed meal. 

 

Secondary Benefits 

Nutrients for Plant Growth 

 The pest suppression properties are reason enough to utilize Brassica 

species in a cropping system. However, there is an additional benefit: nutrients.  

Brassica tissues, including seed meals, inherently add nutrients to the soil 

including carbon, nitrogen and phosphorous (Handiseni et al. 2013; Kucke 1993). 

The nitrogen content of 5-6% is particularly high for organic amendments, 

although the seed meal may not provide the same soil-aggregating benefits of 

other organic amendments (Borek and Morra 2005). The added plant essential 

nutrients have resulted in enhanced plant growth. Handiseni et al. (2013) found 

wheat seedlings grown in seed meal-amended soils had higher seedling weights. 

Cohen, Yamasaki, and Mazzola (2005) showed an increase in root and shoot 

biomass of apple seedlings in B. napus amended soils. The key, however, is 

avoiding phytotoxicity, which will be discussed in the final chapter. 

  

Nematode Suppression 

 Although the capacity of Brassica tissue to suppress nematodes is 

present, specifically the lesion nematode Pratylenchus, it should be considered a 

secondary benefit. The benefit is not unique to Brassica tissues (Cohen, 

Yamasaki, and Mazzola 2005; McFadden, Potter, and Brandle 1992; Potter, 
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Davies, and Rathjen 1998).  It is believed that ITCs are not responsible for 

nematode suppression but that the increase in nitrogen content induces the 

suppression (Borek and Morra 2005; Handiseni et al. 2013; Mazzola et al. 2007; 

Kucke 1993; Oka and Pivonia 2002). Potter, Davies, and Rathjen (1998) found 

no significant relationship between GSL levels and nematicidal capacity among 

six Brassica species and Cohen, Yamasaki, and Mazzola (2005) found 

equivalent suppression of Pratylenchus with either B. napus seed meal or a 

soybean meal, which contained no GSLs but had a similar nitrogen content. 

Although this nitrogen-related mechanism is not unique to Brassica species, it is 

an added benefit.  

 There is, however, potential that Brassica tissues may be superior for 

nematode control when compared with tissues having similar nitrogen content. 

Potter, Davies, and Rathjen (1998) found a “base level of suppression” of 

approximately 60%, for Pratylenchus nematodes, among six species of 

Brassicas, regardless of glucosinolate (GSL) content. This suggests that 

something other than the GSL content, such as the nitrogen content, was 

responsible for suppression up to 60%. However, nematode suppression above 

60% may be caused, at least in part, by the increased GSL content of some 

Brassica species.  

 

Limitations of Brassica Seed Meal 

 However promising the effects of Brassica tissues may be, growers should 

still proceed with caution when implementing this new management strategy. 
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Inconsistent results and unintended effects may be limiting.  

 

Specificity 

 Beyond the lack of understanding of the mechanism responsible for 

pathogen and weed suppression, the apparent specificity of Brassica species in 

controlling specific pathogens restricts the utility of this approach. Growers 

should know which pest they need to control and then select the appropriate 

Brassica species. Although the need for thoughtful selection of pest-specific 

control methods is always required, it may reduce the potential for quick, 

widespread adoption of Brassica tissues. There is consistency in effects when 

seed meal is derived from the same Brassica species, even among cultivars and 

across multiple years. This consistency, often not present in many other organic 

amendments, may help in the widespread adoption of seed meal amendment as 

an organic practice (Mazzola et al. 2007).  

 

Soil Types 

 The inconsistency in disease suppression when Brassica tissues are 

applied among soil types is also a potentially limiting complication. Even the 

same seed meal can cause different reactions in different types of field soil 

(Bending and Lincoln 1999; Mazzola, Reardon, and Brown 2012). These soil-

mediated differences consisted mainly of an increase in volatile compounds, 

including GSL products, in sandy-loam soils versus clay-loam soils. One GSL 

product, 2-propenyl-ITC, was increased by six times in the sandier soil and that 
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compound has been shown to be effective against fungal pathogens like 

Aphanomyces (Bending and Lincoln 1999; Lewis and Papavizas 1971). In that 

study, the difference was attributed to variations in the soil ecology and soil 

properties, such as organic matter content, which can affect the longevity of 

these GSL products. Results like these may explain why some of the variability in 

the Brassica seed meal literature exist and are important to remember for 

commercial application.  

 This sensitivity of suppressive activity to soil type may result from 

differences in microbial populations among soils. Thus, an amendment strategy 

which is successful for one grower may not be for another. Testing efficacy of 

Brassica tissues in small areas if possible before applying a practice to a whole 

system is desired. Further, relying on specific soil microbial communities for the 

success of the Brassica seed meal will not be possible in pasteurized soils or 

clean media such as those used in greenhouse production. The latter, will be 

examined in part in my research.  

 

Application 

 An additional barrier to adoption of this management strategy is the 

amount of Brassica seed meal that is needed. Boydston, Anderson, and Vaughn 

(2008) reported a 10-20-fold increase in application amount over the typical 

granular herbicide. Although large volumes of amendments are used in organic 

production, this increased biomass may be a significant increase in labor and 

storage for non-organic growers.  
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Soil Microbial Communities 

 The final, and potentially largest, barrier to implementation is the potential 

for secondary, unintended effects. Regardless of how the Brassica seed meal 

actually suppresses pathogens and weeds, there are changes in the soil 

microbial community (Weerakoon et al. 2012). The changes in community 

structure by preferential enhancement and selective survival create a cause for 

concern that although a specific plant pathogenic organism may be controlled in 

the short-term, secondary pathogens and long-term shifts in pathogen 

populations may cause greater problems long after the application is made. 
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CHAPTER TWO: IN VITRO SUPPRESSION OF  

PYTHIUM SPP. BY BRASSICA SEED MEAL  

Summary 

 Brassica juncea seed meal and water were placed at the bottom of 

canning jars at rates of 0 – 100mg, with inverted Petri plates containing one of 

three species of Pythium acting as lids. Hyphal growth of these organisms was 

repeatedly measured and analyzed to evaluate the suppressive properties of the 

seed meal. As the rates of seed meal increased, growth of each Pythium species 

was increasingly delayed. However, once growth began, it occurred at a rate 

equivalent or even faster than the control (0mg) for the P. aphanidermatum and 

P. ultimum var. ultimum groups. In each of those species, growth was halted 

completely at the 18mg seed meal rate and above. For the third species, P. 

ultimum var. sporangiferum, growth was completely stopped at the 15mg rate 

and above. Growth was increasingly delayed as seed meal rate increased, 

however, once growth was initiated the growth rate fluctuated compared with the 

control.  

 

Introduction 

 Brassica juncea tissues release isothiocyanates (ITCs) that are proven to 

suppress a variety of organisms including plant pathogens like Pythium. Several  

studies have analyzed the compounds, the timing of their release and duration, 

and their effect on the growth of plant pathogens (Charron and Sams 1999; 
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Chung et al. 2003, 20; Fayzalla, El-Barougy, and El-Rayes 2009; Gimsing and 

Kirkegaard 2006; Mazzola and Zhao 2010).  

 In a study analyzing the volatile products released from macerated leaf 

tissue of Brassica plants in a laboratory setting, several active products were 

found but the most abundant was allyl-ITC. There were three other glucosinolate 

(GSL) products and three LOX pathway products also detected. The Brassica 

species containing the highest amount of allyl-ITC, B. juncea, also was the most 

effective in suppression of Pythium ultimum and Rhizoctonia solani (Charron and 

Sams 1999).  

 Another observation from this study and others was the duration and 

concentration of released compounds. Many of the ITC concentrations peaked at 

15 to 30 minutes post-maceration, rapidly declined, and were only a fraction of 

their original concentration within a day or two. Despite the rapid decline, trace 

amounts were still detectable three to twelve days later (Charron and Sams 

1999; Gimsing and Kirkegaard 2006). These results suggest that if these 

compounds are responsible for the observed pathogen suppression, it occurs 

within days, if not hours, and there is little capacity for long-term suppression.  

 

Research Objective 

 Although the suppressive capacity of Brassica tissues is greatly supported 

by the existing literature, there was still a need for further testing. With the 

varying results among pathogens and Brassica species in studies which often 

used macerated leaf tissue instead of seed meal, there was a need to prove that 
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B. juncea seed meal was effective on the Pythium species before moving forward 

with greenhouse experiments. The goal of this research was therefore to confirm 

the suppressive capacity of Brassica juncea seed meal on Pythium 

aphanidermatum, ultimum var. ultimum, and ultimum var. sporangiferum. Once 

suppression was demonstrated, a secondary goal was to find the minimum 

biocidal rate.  

 

Materials & Methods 

 The B. juncea seed meal was kindly provided by Carl Sams at the 

University of Tennessee approximately six years prior to this research, and had 

been stored at the University of Missouri South Farm in the original paper bag. 

Once acquired from this location and after the original bag was opened, the seed 

meal was further contained to prevent contact with moisture. The open paper bag 

was placed within a plastic trash bag (Walmart Stores, Bentonville, AR), and 

enclosed within a large plastic container (Rubbermaid, Atlanta, GA). 

 Pythium strains used in this work were: P. aphanidermatum (90-132A), 

ultimum var. ultimum (96-1) and ultimum var. sporangiferum (96-28) (Mihail et al., 

2002). All cultures were maintained on 100-mm Petri plates of corn meal agar 

(Becton Dickinson, Sparks, MO), transferred to a new plate every 3 weeks within 

a laminar flow hood, and monitored for contamination. In preparation for 

experiments, cultures were transferred and grown on new plates for 2-3 days.   

 The methods and design of the experimental units of Charron and Sams 

(1999) were followed, but modified to use seed meal instead of fresh tissue.  
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Seed meal was weighed to +/- 0.001g and placed in a 35-mm Petri plate. In all 

four experiments, there were four rates of seed meal including a control. Each 

experiment’s results informed the choice of seed meal rates for the next 

experiment.  In Experiment I, seed meal rates included 0mg, 25mg, 50mg, and 

100mg. In Experiment II, 0mg, 8mg, 15mg, and 30mg. Experiment III utilized 

seed meal application rates of 0mg, 5mg, 10mg, and 20mg. And finally, 

Experiment IV used rates of 0mg, 3mg, 8mg, and 18mg. In all experiments, the 

four rates of seed meal combined with three species of Pythium, resulting in 

twelve treatments, each with three replicates. 

 After the 35-mm Petri plates contained the appropriate amount of seed 

meal, next, five-millimeter agar plugs were taken from the edge of the 2-3 day old 

Pythium colonies and each was placed on a new 100-mm Petri plate containing 

corn meal agar. They were temporarily covered with the plate lid until used.  

 Each experimental unit consisted of a glass canning jar (0.95L capacity) 

with the 35-mm Petri plate containing seed meal at the bottom (Figure 2.1). 

These small plates were carefully inserted with forceps to avoid spilling any meal.  

 
Figure 2.1. Experimental system with glass jar, Brassica seed meal and Pythium cultures.  
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 One unit at a time, deionized water was added to the seed meal-

containing plate to induce the GSL-to-ITC hydrolysis. The amount of water 

slightly varied between experiments. In Experiments I and II, an amount of water 

equivalent to a 1:2 ratio (seed meal weight in grams: water volume in milliliters) 

was added. As the amount of seed meal decreased in the later experiments, 

seed meal: water contact was not ensured. Therefore in Experiments III and IV, 

the amount of deionized water increased to 1.7 milliliters. This amount was 

previously measured to cover the entire surface of the Petri plate and therefore 

ensured seed meal: water contact. 

 Immediately following the addition of water, the Petri plates with new 

Pythium plugs were inverted and placed over the jars as lids. Parafilm (Bemis 

Co., Inc., Neenah, WI) was used initially to seal each unit, wrapping one-and-a-

half to two times around, and then standard black electrical tape (ShurTech 

Brands, Avon, OH) was placed on top of that. The electrical tape was added to 

trap any gases within the experimental unit. All units were placed in a completely 

randomized design within a fume hood, and kept in ambient laboratory 

conditions.  

 Each plate was monitored daily for growth and contamination. In 

Experiments I and II, observations occurred every 24 hours. Noting rapid growth, 

observations became more frequent for Experiments III and IV, and occurred 

every 12 hours. At each observation, mycelial growth was recorded as the colony 

diameter measured along two perpendicular lines (Figure 2.2). Growth 
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observations were continued until all mycelium had either reached the edge of 

the plate or growth had ceased.  

   

Figure 2.2. Growth measurements on the bottom of the inverted Petri plate containing Pythium 
spp. exposed to Brassica seed meal.  

 

 

 All growth measurements taken were recorded by hand. The two colony 

diameters at each observation were averaged. Scatterplots including the average 

growth of each treatment at each observation were created to produce trend 

lines in Excel (Microsoft, Redmond, WA). These trend lines’ slopes became 

variables that represented growth rates. These growth variables were compared 

with the GLM procedure of the SAS statistical software package (SAS Institute, 

Cary, NC). Means were separated using Tukey adjustments. 

 

Results 

 In Experiment I, no growth occurred in any plates for the 25mg, 50mg, and 

100mg application treatments. The Brassica seed meal was biocidal to all tested 

species of Pythium at these rates. Growth did occur in the absence of seed meal. 

Averaged among three replicates of each Pythium spp., the measured growth at 
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each time interval was plotted and trend lines were produced (Figure 2.3). These 

trend lines were utilized to estimate growth rate by using the slopes as a variable 

of hyphal growth per 24 hours. Based on these trend line slopes, both P. 

aphanidermatum and P. ultimum var. ultimum grew 38-mm every 24 hours, with 

P. ultimum var. sporangiferum a bit slower at approximately 25-mm per 24 hours.  

 
 
Figure 2.3. Average growth rate for three Pythium species with 0 mg of B. juncea seed meal.  

 
  
n=3 
PA = P. aphanidermatum    PUU = P. ultimum var. ultimum  PUS = P. ultimum var. sporangiferum 
PA: y = 37.5x - 37.333        PUU: y = 37.5x - 35.167             PUS: y = 25.067x – 27  
  

 

The same procedures were utilized in Experiment II, where there was no 

mycelial growth for any Pythium spp. at the 30mg seed meal application rate. 

There was, however, growth at the 0mg, 8mg, and 15mg rates. As the seed meal 

rate increased, Pythium growth was increasingly delayed.   

 The P. aphanidermatum replicates growing in the absence of seed meal 

(0mg) grew 50-mm in the first 24 hours (Figure 2.4). Based on the trend lines 
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(not pictured), the replicates in the presence of 8mg of seed meal averaged 33-

mm per 24 hours and the replicates with 15mg of seed meal averaged 27-mm 

per 24 hours.  

 
 
Figure 2.4. Average colony diameter of P. aphanidermatum in response to seed meal application 
rates 0 – 15mg 
 

 
 

 

 The P. aphanidermatum replicates growing in the absence of seed meal 

(0mg) grew 50-mm in the first 24 hours (Figure 2.4). Based on the trend lines 

(not pictured), the replicates in the presence of 8mg of seed meal averaged 33-

mm per 24 hours and the replicates with 15mg of seed meal averaged 27-mm 

per 24 hours.  

 Based on the trend lines (not pictured), the P. ultimum var. ultimum 

replicates growing in the absence of seed meal (0mg) grew 38-mm per day 

(Figure 2.5). The hyphae in the replicates exposed to 8mg and 15mg seed meal 

grew on average 34-mm and 26-mm per day, respectively.  
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Figure 2.5. Average colony diameter of P. ultimum var. ultimum in response to seed meal 
application rates 0 – 15mg. 

 
 
 
 
Figure 2.6. Average colony diameter of P. ultimum var. sporangiferum in response to seed meal 
application rates 0 – 15mg.  

 
Application rates were: US-O, 0mg seed meal; US-8, 8mg; US-15, 15mg.  
 
  

Hyphal growth of P. ultimum var. sporangiferum was more sensitive to the 

presence of seed meal compared with the other two species (Figure 2.6). The 

replicates growing in the absence of seed meal grew on average 23-mm per 24 

hours. The replicates with 8mg seed meal were slowed to 19-mm per 24 hours 

and there was no hyphal growth by P. ultimum var. sporangiferum in response to 

15mg of seed meal.  
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 For all three Pythium species tested, there was a relationship between the 

suppression of Pythium growth and increasing rates of B. juncea seed meal. 

However, minimal statistical analyses could be conducted. The hyphae grew 

sometimes more than half of the distance to the edge of the Petri plate in the first 

24 hours resulting in few observations. Therefore, subsequent experiments 

would include observations every 12 hours.  

In Experiment III, the relationship of delayed Pythium growth as seed meal 

rates increased was again observed. In the P. aphanidermatum group, the 

replicates grown in the absence of seed meal averaged 45-mm per day (Figure 

2.7). The units with 5mg of seed meal averaged 24-mm per day, while the 10mg 

replicates had 12-mm of growth per day. The 20mg replicates did not grow at all.  

 
Figure 2.7. Average colony diameter of P. aphanidermatum in response to seed meal application 
rates 0 – 20mg. 

 
 
 
 In the P. ultimum var. ultimum treatments, the replicates grown in the 

absence of seed meal averaged 43-mm per day (Figure 2.8). The units with 5mg 
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growth per day. The 20mg replicates did not grow at all. Similarly, the trend lines 

from the plots shown in Figure 2.9 estimated the growth rates of P. ultimum var. 

sporangiferum to be 28-mm, 20-mm, 10-mm, and 0-mm per day in response to 

the increasing seed meal application rates.  

 
 
Figure 2.8. Average colony diameter of P. ultimum var. ultimum in response to seed meal 
application rates 0 – 20mg. 

 
 
 
 
Figure 2.9. Average colony diameter of P. ultimum var. sporangiferum in response to seed meal 
application rates 0 – 20mg. 
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 All previously mentioned growth rates were calculated from average 

growth trend lines. However, these rates did not accurately reflect the actual 

growth of some treatments. For example, in examining Figure 2.9, the slopes of 

the 0mg seed meal and the 5mg seed meal group look very similar once growth 

was initiated. However, the trend line slopes based on when the experiment was 

initiated estimated their growth rates at 28-mm and 20-mm per day, respectively. 

This illustrated the limitation of utilizing these slopes as variables for estimating 

growth rate, as they did not reflect the initial delay or the mirrored slopes. 

Therefore, slopes were recalculated based on when growth initiated, rather than 

when the experiment initiated. 

 Analyzing these new trend lines and slopes tested the hypothesis that 

once Pythium was recovered and was growing, it grew at a rate equivalent to the 

controls; the growth was not slowed, but merely delayed by exposure to the seed 

meal. These new slopes are illustrated in Figure 2.10.  

Based on the mean separation analysis conducted, a statistically 

significant elevation in growth rate was found for P. aphanidermatum at the 5mg 

application rate and for P. ultimum var. ultimum at both the 5mg and 10mg 

application rates (Figure 2.10). This was not the case for P. ultimum var. 

sporangiferum where growth slowed further as the seed meal rates increased.   
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Figure 2.10. Average estimated mycelial growth rate (mm/12h) after growth initiation for three 
Pythium species exposed to Brassica seed meal. 

 
PA = P. aphanidermatum    PUU = P. ultimum var. ultimum  PUS = P. ultimum var. sporangiferum 
*Columns with no letter labels in common are statistically different at α= 0.05 
 
 
 

In Experiment IV, like in previous experiments, Pythium growth was 

increasingly delayed as seed meal rates increased. Further, if the Pythium was 

not killed by the rate of seed meal, the Pythium growth rate mirrored that of the 

replicates growing in the absence of seed meal (Figures 2.11 – 2.13).  

 
Figure 2.11. Average colony diameter of P. aphanidermatum in response to seed meal 
application rates of 0 – 18mg. 
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Figure 2.12. Average colony diameter of P. ultimum var. ultimum in response to seed meal 
application rates of 0 – 18mg. 

 
 
 
 
Figure 2.13. Average colony diameter of P. ultimum var. sporangiferum in response to seed meal 
application rates of 0 – 18mg. 

 
 
 
 Slopes representing the estimated growth per 12 hours based on when 

growth was initiated were again calculated (Figure 2.14). For each Pythium spp., 

the slopes were not significantly different from each other until the seed meal 

application rates became fatal at 18mg. 
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Figure 2.14. Average estimated mycelial growth rate (mm/12h) after growth initiation for three 
Pythium species exposed to Brassica seed meal. 

 
PA = P. aphanidermatum    PUU = P. ultimum var. ultimum  PUS = P. ultimum var. sporangiferum 
*Columns with no letter labels in common are statistically different at α= 0.05 
 

 

 Discussion 

 As each of these four experiments were conducted at separate times and 

utilizing slightly different parameters, comparing results across them must be 

qualitative rather than quantitative. However, across the many Brassica seed 

meal application rates tested, it is clear that Brassica juncea seed meal can 

suppress the growth of the tested Pythium species.  

 Examining the response of P. aphanidermatum, growth was delayed in the 

presence of 15mg of seed meal, but was fatal at 18mg of seed meal. This 

suggests that 18mg of seed meal, or possibly just below, was the minimum 

biocidal rate for P. aphanidermatum. The fatality of the 18mg rate was supported 
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Petri plates grown in the presence of 18mg of seed meal were removed from the 

experimental units and placed on a new plate without seed meal present. No 

growth was observed indicating the organism was killed, not just temporarily 

delayed.  

 After an initial delay in growth, the P. aphanidermatum growth rate 

significantly increased at the 5mg seed meal rate before decreasing at the 10mg 

rate in Experiment III. Conversely, in Experiment IV once growth initiated, the 

growth rates or slopes were equivalent at rates of 0mg, 3mg, and 8mg of seed 

meal. While possible that the increase in growth rate at 5mg seed meal in 

Experiment III occurred by chance or a statistical conclusion error, these varying 

responses in growth rates between Experiments III and IV suggest that additional 

research should be completed focusing on the potential for growth stimulation.  

Similar trends and responses were observed for the P. ultimum var. ultimum 

groups across all experiments. 

In Experiment III, the growth rate beginning at growth initiation of P. 

ultimum var. sporangiferum decreased as seed meal application rate increased, 

which contrasted with the other two Pythium species that increased first before 

their growth rates decreased. In Experiment IV however, P. ultimum var. 

sporangiferum followed the response of the other species and the growth rate or 

slopes were equivalent at rates of 0mg, 3mg, and 8mg of seed meal. Further, 

growth for P. ultimum var. sporangiferum was halted at the 15mg rate; P. ultimum 

var. sporangiferum was more sensitive to B. juncea seed meal than P. 

aphanidermatum and P. ultimum var. ultimum. 
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Conclusion 

 Brassica seed meal suppressed growth of P. aphanidermatum, P. ultimum 

var. ultimum, and P. ultimum var. sporangiferum. It was fatal to the first two 

species at 18mg and to the third at 15mg. Below those fatal rates, growth was 

increasingly delayed but once the Pythium began growing, it grew at a speed 

equivalent to or even faster than that of the control group. This is important to 

note as the seed meal is a potential alternative to synthetic chemicals for 

Pythium control. If the seed meal is not applied at a rate that is biocidal, it may 

actually make the disease problem worse or have no valuable effect beyond 

approximately 24 hours.  This timeline notably mirrors that of observed ITC 

release (Charron and Sams 1999). 
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CHAPTER THREE:  

BRASSICA SEED MEAL SUPPRESSION  

OF PYTHIUM ROOT ROT 

Summary 

 Two experiments were conducted to test the effectiveness of Brassica 

juncea seed meal for suppressing Pythium root rot on both Tomato ‘Bush Early 

Girl’ and Cucumber ‘Straight Eight’. Across these experiments, P. 

aphanidermatum consistently infected the tomato and cucumber seedlings in the 

absence of B. juncea seed meal. Once in the presence of seed meal however, P. 

aphanidermatum was no longer able to kill either plant species. The other 

pathogens tested, P. ultimum var. ultimum and P. ultimum var. sporangiferum, 

were unable to consistently infect the plants and thus the seed meal’s 

suppressive effect could not be evaluated. A general trend toward phytotoxicity 

was observed throughout these experiments, across both plant species, but was 

only statistically significant part of the time.  

 

Introduction 

 With the evolution of biocide-resistant pathogens and the market demand 

for sustainable practices, alternative methods of pathogen suppression are 

needed. Many Pythium species, including P. aphanidermatum and P. ultimum, 

have developed resistance to mefenoxam, the active ingredient in the common 

greenhouse biocide, Subdue Maxx® (Moorman et al. 2002). Although not yet 
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widespread, the incidences of biocide-resistant pathogens is concerning and 

resistant strains will continue to develop if the same chemicals with the same 

modes of action are continuously applied. This is where Brassica seed meal 

could be beneficial, as an alternative or even a replacement to chemicals such as 

mefenoxam. There is an extensive body of research examining the application of 

Brassica tissues, stretching over two decades.  

 Much of the literature on Brassica seed meal has focused on either 

laboratory studies or field studies that examine cropping systems such as 

orchards or large-scale vegetable production. Although limited, some of the 

literature has included greenhouse studies. However, even research that has 

been conducted in a greenhouse environment often utilized field soils, not the 

soilless media that are used for commercial greenhouse production (Chung et al. 

2003; Cohen, Yamasaki, and Mazzola 2005; Fayzalla, El-Barougy, and El-Rayes 

2009; Earlywine et al. 2010; Handiseni et al. 2012; Mazzola, Reardon, and 

Brown 2012; Dhingra et al. 2004). 

 The lack of appropriate greenhouse-based studies and the variable 

disease reactions to seed meal in different systems suggests further research is 

essential. Bending and Lincoln (1999) found decomposition of B. juncea tissues 

caused different reactions in different types of field soil. Kirkegaard et al. (1996) 

warned that “rates of meal required to achieve similar suppression in soil will be 

influenced by the sorption of ITCs onto clay and organic matter which reduces 

the effective concentration in the soil atmosphere.” Therefore, it is not realistic to 

conclude that the same results will be garnered across diverse soil types, 
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especially comparing results collected from field soil versus commercial 

greenhouse soilless media.  

 Testing a variety of organisms is also important because diverse 

pathogens are often encountered in greenhouses originating from a variety of 

sources. Soilless media, irrigation water, insects, contaminated plants, and 

workers can easily bring Pythium into the greenhouse and also transfer it quickly 

from plant to plant. Most of the time, infected plants in greenhouse settings are 

not isolated or carefully examined for identification of causal organisms due to 

the special care, cost, equipment, and expertise required. Therefore, a broad-

spectrum control method is ideal for growers instead of one that could only 

control a select group of plant pathogens.  

 The only greenhouse production-inspired study evaluated Brassica seed 

meal for use as a seed treatment. Chung et al. (2002) found a mixture of 40% 

seed meal and 60% Biolan peat substrate was the best seed coating formula to 

reduce Rhizoctonia damping-off but optimize cabbage seed germination. This 

was an important finding for germination protection. However, this seed 

treatment may be too cumbersome for greenhouse growers, as they would either 

have to purchase pre-treated seed or have to determine how to treat the seeds 

themselves. Therefore testing Brassica seed meal as greenhouse medium 

amendment is needed and a novel research objective.  
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Research Objective 

 Greenhouse environments are often considered the middle ground for 

agricultural research; lab first, then greenhouse testing, then to larger field plots. 

Even when testing procedures, plants, or products in greenhouses, experiments 

are often conducted with field soil.  The target of my research was to test the 

potential of Brassica seed meal as a greenhouse medium amendment to 

suppress Pythium and thus reduce the incidence of damping-off in tomato and 

cucumber seedlings in a greenhouse production system. All experimental 

methods were designed to mimic those typical of commercial greenhouse 

production. 

 Transplants were utilized in this experiment because the young, seedling 

stage is a critical time for plant health. Plants are vulnerable and susceptible to 

pathogens like Pythium and often do not survive infection. This experiment was 

designed to simulate infection at the transplanting stage. The source of infection 

in this research scenario was infected media, which is realistic as large volumes 

of commercial media are often left uncovered for long periods of time.    

 

Materials & Methods  

 Brassica seed meal utilized in this work was dry B. juncea seed meal 

provided by Carl Sams at the University of Tennessee that had been stored 

within a plastic bag (Walmart Stores, Bentonville, AR), within a plastic container 

(Rubbermaid, Altlanta, GA), within a negative fume hood in ambient laboratory 

conditions.  
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 Pythium strains used were: P. aphanidermatum (90-132A), ultimum var. 

ultimum (96-1) and ultimum var. sporangiferum (96-28) (Mihail et al., 2002). All 

cultures were maintained on 100-mm Petri plates of corn meal agar (Becton 

Dickinson, Sparks, MO), transferred to a new plate every 2-3 weeks within a 

laminar flow hood, and monitored for contamination.   

 The Pythium inoculum was created from food-grade millet seed purchased 

from a local grocery store. The millet was combined with deionized water in an 

autoclave bag at a 1:1 (v:v) ratio. These bags were autoclaved for 20 minutes. 

Once cooled for 24-hours, the bags were opened in a laminar flow hood and 

plugs from a two to three-day old corn meal agar culture containing Pythium were 

inserted. The bags were reclosed and sealed with Parafilm (Bemis Co., Inc., 

Neenah, WI). The inoculum was incubated at ambient laboratory conditions for 

four to five days and mixed daily.  

 Tomato ‘Bush Early Girl’ (Lycopersicon esculentum) (Ball, West Chicago, 

IL)  and Cucumber ‘Straight Eight’ (Cucumis sativus) (Ball, West Chicago, IL) 

seeds were sown in Redi-Earth (Sun-Gro Horticulture, Agawam, MA) and placed 

in a greenhouse mist bench 8 days prior to transplanting for cucumbers and 13 

days for tomatoes. These are common, representative cultivars and each 

experiment’s seeds came from the same seed packet. Within the mist bench, a 

fine mist was applied every 8 minutes for a duration of 14 seconds. Three days 

prior to transplanting, seedlings were removed from the mist bench to reduce 

etiolation. 



58	
	

All treatment combinations originated from a single batch of Pro-Mix 

(Premier Tech Horticulture, Quebec, Canada), a common peat-based 

commercial growing medium. The medium was uniformly moistened until 

particles stuck together when compressed. Once the medium was distributed into 

the labeled plastic bins, Brassica seed meal was carefully measured and placed 

into the bins and mixed thoroughly. Then, the Pythium inoculum was 

incorporated into the medium: seed meal combinations at approximately 2.3% by 

volume in the first experiment and approximately 4.0% by volume in the second. 

Bin contents were mixed thoroughly, lightly irrigated, and again mixed thoroughly. 

These enclosed bins were kept in the greenhouse for 24 hours.  

Immediately prior to transplanting, each treatment bin was opened and 

mixed. Consistent with greenhouse practices, each polypropylene container 

(13.3-cm by 13.3-cm, divided into four cells) (Hummert International, Earth City, 

MO) was overfilled with media, tapped three times, and leveled off. All containers 

were filled across all treatments before seedlings were transplanted. Hands and 

tools were sanitized with Greenshield (BASF Specialty Products, Florham Park, 

NJ) between each treatment. 

 Seedlings were transplanted into containers, medium was lightly 

compressed for support, and containers were irrigated. These treatments were 

elevated on inverted polypropylene containers to allow for easy drainage and to 

reduce the potential for contamination from the wooden, greenhouse benches. 

All units were irrigated daily, regardless of moisture content, to favor Pythium 

growth.  
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Experimental Design 

 There were twelve total treatments as a complete factorial combination of 

four inoculation and three seed meal treatments. There were four Pythium 

treatments: a control in which seedlings were exposed to non-inoculated millet, 

and the others’ media contained millet inoculated with one of three species of 

Pythium including P. aphanidermatum, P. ultimum var. ultimum or P. ultimum var. 

sporangiferum. There were three levels of Brassica seed meal applied: 0%, 

0.9%, and 1.9%, by volume.  

 In the initial experiment, for each of the twelve treatments there were six 

total replicates; three replicates of tomatoes and three replicates of cucumbers. 

Each replicate contained four seedlings (pseudoreplicates). This resulted in 36 

tomato replicates and 36 cucumber replicates, totaling 144 seedlings of each 

species. In the repeat experiment, there were four total replicates for each 

treatment due to a materials shortage. In order to avoid only having two 

replicates of each plant species, all four replicates of each treatment were split 

and each contained two tomato seedlings (pseudoreplicates) and two cucumber 

seedlings.  

 

Data Collection 

 In the initial experiment, 18 days after transplanting, all live tomato and 

cucumber seedlings’ heights were measured as an indication of health and vigor. 

Heights were measured starting from the soil surface up to and including the 

largest true leaf, which was stretched vertically. Noting that this variable may not 
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have best represented seedling vigor, seedling weights were measured instead 

in the repeat experiment. For the repeat experiment, the cucumbers were 

harvested at 14 days post-transplant, and the tomatoes were harvested at 18 

days. The cucumbers were harvested earlier due to their size, as the limited pot 

size may have hindered the growth of the healthier seedlings and thereby 

introducing a systematic bias into the data. After measurement, all seedlings 

were placed in a drying oven at 50oC for approximately 72 hours and then 

weighed immediately.  

Except where noted, data were analyzed with PROC GLM of the SAS 

statistical software system (SAS Institute, Cary, NC). If a significant ANOVA 

model was found, LSMEANS were separated by using Tukey’s HSD option.   

 

Results  

Visual Observations 

 The tomato and cucumber seedlings growing in the non-infested medium 

showed tip burn and stunted growth as rates of Brassica seed meal increased. 

Further, one-third of cucumber seedlings in this non-infested medium died when 

1.9% of seed meal (by volume) was included. The remaining two-thirds of 

cucumber seedlings were less turgid and grew laterally, rather than upright. 

These results suggested that the seed meal caused a damaging, phytotoxic 

effect for both tomato and cucumber seedlings. 
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Figure 3.1. Tomato and cucumber seedlings killed by P. aphanidermatum compared with 
controls. 

 
Top row = cucumber seedlings, bottom row = tomato seedlings 
Left column = P. aphanidermatum-infested medium with no seed meal 
Right column = controls, non-infested media with no seed meal 
 

Of the seedlings grown in the P. aphanidermatum–infested medium 

without seed meal, nine out of 12 tomato seedlings and all twelve cucumber 

seedlings were dead within four days (Figure 3.1). Of the 24 tomato and 24 

cucumber seedlings grown in the P. aphanidermatum-infested medium combined 

with seed meal, all but two seedlings remained living throughout the experiment. 

However, similar to the seedlings growing in the non-infested medium, these 

seedlings also showed tip burn and chlorosis.  

The tomato seedlings grown in medium infested with the other species, P. 

ultimum var. ultimum and P. ultimum var. sporangiferum, did not have visible 

symptoms in the treatments without seed meal, suggesting a lack of infection, but 

shared the phytotoxic results found in the other inoculum treatments.   

The cucumber seedlings grown in medium infested with P. ultimum var. 

sporangiferum also lacked visible differences, suggesting a lack of infection. 

However, the cucumber seedlings grown in P. ultimum var. ultimum-infested 
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medium had visible symptoms, suggesting a successful infection of the plant 

tissues. There was 67% mortality in seedlings grown in infested medium with no 

seed meal, but transplant death decreased in the infested media containing seed 

meal. In the 0.9% seed meal treatment group, all seedlings lived and were 

generally healthy. In the 1.9% seed meal treatment group, over half of the 

seedlings lived, but those remaining reflected phytotoxicity problems and had tip 

burn and chlorosis symptoms.  

 

Seedling Heights 

Tomato Seedlings 

Seedling heights measured at 18 days post-transplant were analyzed 

utilizing PROC GLM in SAS and yielded significant effects of the Pythium 

treatments, seed meal treatments, and their interactions, with P-values of 

<0.0001, 0.0034, and <0.0001, respectively. As the interaction was significant, it 

was examined first (Table 3.1). 

The previously suggested lack of infection by P. ultimum var. ultimum or 

P. ultimum var. sporangiferum was supported by the number of surviving 

seedlings and the equivalency of average seedling heights among treatments in 

the means separation analysis (Table 3.1). However, average seedling heights 

were not equivalent in the control group or in the P. aphanidermatum-infested 

treatment group. Seedlings grown in the non-inoculated medium decreased in 

average seedling height as the seed meal rate increased, again suggesting a 

potential phytotoxic effect. The only two surviving seedlings grown in the P. 
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aphanidermatum-infested medium averaged only one-fourth of the size of the 

control. Whereas all seedlings grown in the P. aphanidermatum-infested medium 

combined with 0.9% or 1.9% seed meal survived and were significantly taller 

than those grown in the absence of seed meal. This suggests the seed meal 

suppressed P. aphanidermatum-induced root rot. The separate treatment effects 

were not further studied due to their interaction. 

 
Table 3.1. Average seedling height (mm) of 18-day post-transplant tomatoes among B. juncea 
seed meal treatments and Pythium-inoculated media. 
Pythium                         Brassica  Average Seedling        Surviving Seedlings 
                     Seed Meal                Height (mm)          (out of 12) 

Control  
(non-inoculated millet) 

0% 107.3a* 12 
0.9% 92.8ab 12 
1.9% 72.8b 11 

P. aphanidermatum 
 

0% 25.6c 2 
0.9% 104.3a 12 
1.9% 88.3ab 12 

P. ultimum var.  0% 111.6a 12 
     ultimum 0.9% 97.9ab 12 
 1.9% 87.3ab 12 

P. ultimum var.  0% 104.2a 12 
    sporangiferum 0.9% 98.4ab 12 
 1.9% 91.9ab 12 
*Means with no superscripts in common are statistically different at	α= 0.05 
	
 
Cucumber Seedlings 

 Similar to the tomato results, the data analysis showed a significant 

Pythium treatment effect, seed meal effect, and an interaction effect. The 

interaction effect was examined first (Table 3.2) and the means separation 

analysis suggested conclusions similar to the tomato results. Despite a lack of 

statistical significance, there was a trend toward shorter seedlings and increased 

mortality in the 1.9% seed meal treatments, suggesting phytotoxicity. 



64	
	

 
 Cucumber seedlings were protected from P. aphanidermatum infection by 

the seed meal application, as was the case for tomatoes. All twelve cucumbers in 

the infected 0% seed meal group died. Nearly all the seedlings growing in 

infested medium combined with seed meal survived and had generally healthy 

growth. The 0.9% and 1.9% seed meal application rates yielded seedlings that 

were significantly taller than the 0% seed meal seedlings but were not different 

from each other (Table 3.2).  

 In contrast to tomatoes, the cucumbers grown in the P. ultimum var. 

ultimum-infested medium with 0% seed meal were smaller and only one-third 

survived, indicating partial crop infection. In the inoculated medium with 0.9% 

seed meal, all seedlings survived and were among the experiment’s tallest. 

However, the seedlings grown in 1.9% seed meal had increased mortality, and 

although not significant, were shorter than the control or 0.9% seedlings.  

Table 3.2. Average seedling height (mm) of 18-day post-transplant cucumbers among B. juncea 
seed meal treatments and Pythium-inoculated media. 
Pythium                                 Brassica                Average Seedling   Surviving Seedlings 
       Seed Meal                     Height (mm)               (out of 12) 
Control  
(non-inoculated millet) 

0% 151.3a* 12 
0.9% 150.9a 12 
1.9% 95.6ab 8 

P. aphanidermatum 
 

0% 0c 0 
0.9% 142.2a 12 
1.9% 126.8a 10 

P. ultimum var.  
    ultimum 

0% 45.8bc 4 
0.9% 144.1a 12 
1.9% 91.8ab 7 

P. ultimum var.  0% 142.3a 12 
    sporangiferum 0.9% 149.8a 12 
 1.9% 109.8a 9 
______________________________________________________________________________________
*Means with no superscripts in common are statistically different at	α= 0.05	
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Repeat Experiment 

This experiment was repeated in May 2016 and similar visual 

observations were made. Across all Pythium treatments, tomato and cucumber 

seedlings were symptomatic at the 1.9% seed meal rate, suggesting 

phytotoxicity. Tomato and cucumber seedlings grown in the P. aphanidermatum-

infested medium with 0% seed meal were killed within four days but mortality 

decreased for the seedlings grown in the 0.9% and 1.9% seed meal treatments. 

In this repeat experiment, there was no evidence to suggest infection of 

cucumber seedlings was successful for P. ultimum var. ultimum, despite killing 

two-thirds of seedlings in the same treatment group in the original experiment.  

  

 

Tomato Seedling Weights 

Due to a significant interaction effect in the ANOVA model (Table 3.3), 

means were separated. In the P. aphanidermatum-infested medium, there was a 

significant improvement in seedling weight from the 0% seed meal treatment to 

the 0.9% and 1.9% seed meal treatments. No other significant differences were 

found, although large practical differences resulted.  
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Table 3.3. Average seedling height (mm) of 18-day post-transplant tomatoes among B. juncea 
seed meal treatments and Pythium-infested media. 
Pythium                              Brassica Seed Meal         Average Seedling Weight (g) 
 
Control  
(non-inoculated millet) 

0% 0.30a 

0.9% 0.19ac 

1.9% 0.19ac 

P. aphanidermatum 
 

0% 0.00b 

0.9% 0.20ac 

1.9% 0.21ac 

P. ultimum var.  
    sporangiferum 
 

0% 0.26ac 

0.9% 0.25ac 

1.9% 0.14ab 

P. ultimum var.  
    ultimum 

0% 0.25ac 

0.9% 0.23ac 

1.9% 0.11bc 

______________________________________________________________________________________
*Means with no superscripts in common are statistically different at	α= 0.05	
 
 
 

Cucumber Seedling Weights 

As in tomatoes, a significant interaction effect resulted from analyzing the 

cucumber seedling weights (Table 3.4). First, there was not a significant 

difference in seedling weight in the non-inoculated control group with respect to 

seed meal application. However, in the P. aphanidermatum treatment, there was 

a significant increase in seedling weight once seed meal was added, indicating 

the seed meal was effective in suppressing the pathogen. In the two P. ultimum-

infested media, the seedlings grown in the absence of seed meal were not 

different from the non-inoculated controls, suggesting a lack of infection similar to 

results from the original experiment.  
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Table 3.4. Average seedling weight (g) of 14-day post-transplant cucumbers among B. juncea 
seed meal treatments and Pythium-infested media. 
 
Pythium                              Brassica Seed Meal         Average Seedling Weight (g) 
 
Control  
(non-inoculated millet) 

0% 0.31a* 
0.9% 0.25a 

1.9% 0.21a 

P. aphanidermatum 
 

0% 0.00a 

0.9% 0.17b 

1.9% 0.25b 

P. ultimum var.       
    sporangiferum 
 

0% 0.29a 

0.9% 0.26a 

1.9% 0.11b 

P. ultimum var.  
    ultimum 

0% 0.36a 

0.9% 0.23ab 

1.9% 0.16b 

______________________________________________________________________________________
*Within each treatment group, means with no superscripts in common are statistically different at	α= 0.05	
 
 

Discussion 

 Visual observations, seedling heights, and seedling weights of tomatoes 

and cucumbers suggested that P. aphanidermatum root rot was suppressed by 

B. juncea seed meal. Nearly all seedlings grown in P. aphanidermatum-infested 

medium and in the absence of seed meal died, and those that survived were 

small and weak. Conversely, seedlings grown in P. aphanidermatum-infested 

medium and 0.9% seed meal survived, were healthy and had seedling weights 

and heights comparable to the control. While including seed meal at 1.9% by 

volume also decreased seedling mortality for seedlings grown in P. 

aphanidermatum-infested medium, there were phytotoxic effects.  

These damaging, phytotoxic results were found among other Pythium 

treatments, including the non-infested control, and in both the original and repeat 

experiments. Despite the evident decreases in seedling heights and weights, the 
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differences were only occasionally significant. These differences were not 

statistically significant, despite practical significance, likely due to high variability 

in the data (Figures 3.2 and 3.3) and small sample sizes.  

 
 
Figure 3.2. Average seedling weights (g) for tomatoes in response to B. juncea seed meal applied 
at two rates in non-infested media. 

 
X=mean; box=middle 50% of data points; whiskers=data points outside the middle 50% 
 
 
 
Figure 3.3. Average seedling weights (g) for cucumbers in response to B. juncea seed meal 
applied at two rates in Pythium aphanidermatum-infested media.  

 
X=mean; box=middle 50% of data points; whiskers=data points outside the middle 50% 
 
 
	 Seedlings grown in P. ultimum var. sporangiferum-infested medium were 

comparable to the control, even in the absence of seed meal. This suggests a 
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lack of infection, so the effectiveness of B. juncea seed meal on the suppression 

of P. ultimum var. sporangiferum-induced root rot could not be evaluated.  

Seedlings grown in P. ultimum var. ultimum-infested medium were also 

comparable to the control, even in the absence of seed meal, with one exception. 

In the original experiment, cucumber seedlings had increased mortality and were 

smaller when grown in P. ultimum var. ultimum-infested medium without seed 

meal present, suggesting infection. However, as these results were not found in 

the repeat experiment or supported by the tomato results, the effectiveness of B. 

juncea seed meal on the suppression of P. ultimum var. ultimum-induced root rot 

could not be fairly evaluated.  

  The lack of consistent infection by either P. ultimum was not completely 

unexpected, as P. ultimum prefers cooler temperatures and the warm 

greenhouse climate at this time may not have been conducive to infection. 

Conversely, P. aphanidermatum thrives in these higher temperatures 

(Beckerman 2011).  

Inconsistent results among Pythium treatments and significant interaction 

effects were found and analyzed. The main treatment effects were not examined 

mainly due to the interaction. Data generalized among the Pythium treatments 

averaged data from seedlings suffering from seed meal phytotoxicity. Data 

generalized among the seed meal application rates averaged data from infested 

and non-infested seedlings. For example in table 3.5, the average seedling 

height of the 0% group is significantly lower than the 0.9% group. This suggests 

the 0.9% seed meal produced healthier plants. However, infected and unhealthy 
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plants were included in the calculations for the 0% group, skewing the average. 

For both individual treatment effects, although they usually yielded significantly 

different means, neither generalization led to valuable or practical conclusions.  

 
 
Table 3.5. Average seedling height (mm) of 18-day post-transplant tomatoes among B. juncea 
seed meal treatments. 
    Brassica Seed Meal   Average Seedling Height (mm) 
0% 87.2a* 
0.9% 98.4b 

1.9% 85.1a 

*Means with no superscripts in common are statistically different at	α= 0.05	
 

Areas for further research should include repeating these experiments 

with increased sample sizes, different plant species, and different pathogen 

species. In pilot studies, I tested this experiment utilizing Pro-Mix that contained 

mycorrhizae which yielded low infection rates. Multiple factors could have been 

responsible for this, including method of inoculation for which I was still testing, 

but it is something to investigate since Pythium is a primary colonizer and may 

not do well to begin with in a media that contains other active organisms.  

 

Conclusion 
 

Despite the lack of infection from P. ultimum and the high variability in the 

data leading to non-significant results, there are valuable conclusions and 

observed trends. The data suggest that Brassica juncea seed meal can suppress 

Pythium aphanidermatum-induced root rot of tomato and cucumber seedlings in 

a greenhouse medium. However, when the Brassica seed meal application 

increases to 1.9% by volume, seedling mortality increases, and plants show 
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wilting, tip burn, and chlorosis. Although only statistically significant in the original 

experiment for tomatoes, there was a 20-30% decrease in weight and height 

across much of the data for the 1.9% seed meal application rate. Further, there 

were visual differences in plant health for both experiments and plant species. 

This apparent phytotoxicity needs to be investigated further.  

 Tomatoes and cucumbers  were selected for this research because there 

are few biocides labeled for use on edible crops and these are commonly grown 

as edible transplants in commercial greenhouses. The data suggest that 

Brassica juncea seed meal could be an option for the suppression of P. 

aphanidermatum-induced root rot on these plant species. However, this 

conclusion should be made with caution as the experiments were conducted with 

culture-produced inoculum, which “may not parallel the behavior of the pathogen 

inoculum produced [naturally]” (Martin and Loper 1999). 
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CHAPTER FOUR: PHYTOTOXICITY 

Summary 

Despite the benefit of plant pathogen suppression, Brassica seed meal 

induces phytotoxic effects on desired crops. In order to avoid these damaging 

results, a planting delay in which the media and seed meal mixture is contained 

should be employed for at least one day. At low rates of seed meal (0.6% for 

tomatoes and 0.4% for cucumbers), there were no significant phytotoxic effects 

regardless of a planting delay. At rates between those and 2.4%, tarping for at 

least one day was necessary to avoid phytotoxic effects. For the tested seed 

meal rates up to and including 2.4%, increasing the planting delay duration 

beyond one day generally did not affect the germination percentage or days to 

emergence. Transplants were the more sensitive plant growth stage as they 

were damaged at rates that were not damaging at the germination stage, even 

with a planting delay.  

 

Introduction 

 In a time when there is continued demand to decrease pesticide usage, 

the proven disease and pest control capacity of Brassica tissues is difficult to 

ignore as a potential alternative. In addition to the uncertainty regarding the mode 

of action, difficulties surrounding application methods, unintended effects, and 

more, there is yet another drawback to the use of Brassica tissues: phytotoxicity.  

 As weed suppression by Brassica tissues is already proven, it only makes 

sense that there would be phytotoxic or damaging effects on desired crops, too 
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(Earlywine et al. 2010). Using B. napus green manure, Scott and Knudsen (1999) 

found a 59% reduction in pea (Pisum sativum) seedling emergence. Others have 

noted a wider range of phytotoxic effects. Fayzalla, El-Barougy, and El-Rayes 

(2009) studied soybeans and observed a correlation between increasing seed 

meal rates and increasing delays in seedling emergence from zero to four days, 

with higher rates resulting in complete non-emergence. Others found similar 

results across other crops indicating that there is a relationship, and that there 

may be a threshold or maximum rate of Brassica seed meal (Kirkegaard et al. 

1996).  

 The application method of Brassica seed meal also has an effect on the 

level of phytotoxicity. Kirkegaard et al. (1996) found that the method of applying 

B. juncea seed meal influenced the emergence of wheat. At equivalent rates, it 

took longer for seedlings to emerge when meal was banded with the wheat 

seeds, compared with seed meal incorporated into the top 5 centimeters of soil 

or banded 5 centimeters below the wheat seeds. Additionally, the treatments in 

which the meal was banded with the wheat seed decreased seedling weight at 

higher seed meal rates (Kirkegaard et al. 1996). The proximity of applied seed 

meal therefore plays a large role in the phytotoxicity potential of the meal; closer 

contact correlates with increased phytotoxicity.  

 There is no benefit to the use of a product, regardless of pest and 

pathogen control capacity, if it significantly damages the desired crop. 

Researchers who hypothesized that ITCs were responsible for the phytotoxic 

effects evaluated the research on the timing of ITC release. Based on 
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observations of a decrease in phytotoxic effects as planting was delayed after 

Brassica tissue incorporation, researchers developed a hypothesis that an 

intentional post-incorporation planting delay would decrease or eliminate 

phytotoxic effects. This would allow some the deleterious effects of ITCs to 

dissipate while still suppressing undesired plant pests, including soil-borne 

pathogens (Chung et al. 2003; Cohen, Yamasaki, and Mazzola 2005; Hoagland 

et al. 2008; Scott and Knudsen 1999; Mazzola et al. 2007).  

 There have been a range of planting delay durations utilized in the 

published research. The selected lengths of planting delays are often published 

without justification and appear to be an arbitrarily chosen length of time. 

However, they are typically one to eight days, which correlate with the emission 

of ITCs (Charron and Sams 1999; Chung et al. 2003; Earlywine 2009; Handiseni 

et al. 2012; Mazzola et al. 2007). Several prominent ITCs are emitted within one 

day but remain for about one week. If ITCs are responsible for the phytotoxic 

effects and planting is delayed until after the known emission period, the 

phytotoxic effects on the desired crop should be eliminated.  

 In addition to the planting delay, tarping or containing the Brassica-

amended soil during the post-incorporation period improves pathogenic control 

(Hoagland et al. 2008). Active Brassica ITCs are mobile in the soil and should be 

contained to avoid losing the compounds into the air (Gimsing and Kirkegaard 

2006). The tarping suggestion was tested and supported by at least two studies 

showing an increase in pathogen suppression, including Pythium, and a 

decrease in weed emergence and biomass (Earlywine et al. 2010; Weerakoon et 
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al. 2012).  

 Much of the phytotoxicity noted in published research has been observed 

in germination trials or in studies with young seedlings. Phytotoxicity appears to 

be less of a problem when the desired crop is more mature. Boydston, Anderson, 

and Vaughn (2008) found no phytotoxic effects when S. alba seed meal was 

surface-applied to pots containing ornamental species that were 2.5-cm. This 

experiment exhibited significant weed reduction, showing that the compound 

producing phytotoxic effects was present, but did not significantly affect the 

desired crops. 

 Some researchers suggested a factor other than or in addition to ITCs 

may be responsible for the phytotoxic effects (Boydston, Anderson, and Vaughn 

2008; Handiseni et al. 2013; Hoagland et al. 2008). However, due to the results 

of the previously mentioned tarping studies and success of tested planting 

delays, these other factors would likely have similar timing to ITCs or may only 

play a supplementary role.   

 

Research Objective 

 Much of the published research on Brassica seed meal contains little to no 

explanation of why the rates or application methods were chosen. Rates vary 

from 0.3% by volume to 3% by weight and planting delay durations utilized are as 

long as eight weeks (Fayzalla, El-Barougy, and El-Rayes 2009; Hoagland et al. 

2008; Mazzola et al. 2007). The goal of this aspect of my research was to 

evaluate what, if any, difference there is among planting delay durations and to 
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estimate a seed meal application recommendation. As previous reports 

suggested, tarping increased the suppressive effects (Earlywine 2009; 

Weerakoon et al. 2012). Therefore, in my experiments, all soilless media and 

seed meal mixtures were enclosed within a container to simulate tarping. 

Understanding the maximum rate and optimal tarping duration is key to the 

adoption of Brassica seed meal as an alternative to chemical treatments. 

Furthermore, much of the current research has focused on field applications. 

Even where there were greenhouse studies, researchers utilized soil collected 

from a production field. To the extent of my knowledge, this was a novel project 

to examine Brassica seed meal as a commercial greenhouse soilless media 

amendment.  

 

Materials & Methods 

Brassica seed meal utilized in this work was dry B. juncea seed meal that 

was provided by Carl Sams at the University of Tennessee. The seed meal was 

stored within a gallon-sized plastic bag (Walmart Stores, Bentonville, AR), within 

a hard plastic container (Rubbermaid, Atlanta, GA), within a negative fume hood 

in ambient laboratory conditions.  

Four experiments were conducted in 2015 and 2016 on one of two 

wooden benches within the same glass greenhouse at the University of Missouri. 

The first three experiments studied seed germination and emergence. Seeds 

utilized were Tomato ‘Bush Early Girl’ (Lycopersicon esculentum) (Ball, West 

Chicago, IL) and Cucumber ‘Straight Eight’ (Cucumis sativus) (Ball, West 
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Chicago, IL) and each experiment’s seeds all came from a single seed packet. 

The final experiment studied cucumber seedling health at the transplant stage.  

Each set of treatments began with the same batch of medium that was 

uniformly moistened to a level consistent with commercial greenhouse production 

standards. Redi-Earth (Sun-Gro Horticulture, Agawam, MA), a germination 

medium, was used in Experiments I and III, while Pro-Mix (Premier Tech 

Horticulture, Quebec, Canada), a common commercial greenhouse medium, was 

used in Experiments II and III. These peat-based media are inconsistent in water 

absorption, so measuring the amount of irrigation was not appropriate. Thus, in 

each experiment the medium was irrigated until particles could stick together 

when compressed. The medium was measured and distributed into labeled 

plastic bags. 

In all experiments, seed meal treatments included a control, low, medium, 

and high rate, which generally consisted of 0%, 0.6%, 1.2%, and 2.4%, by 

volume. Brassica seed meal was measured and placed into the bags with the 

growing medium. The bags were closed, and mixed thoroughly.  

These bags with seed meal and medium were kept in the greenhouse for 

an allotted planting delay, depending on the assigned treatment. Enclosing these 

medium mixtures in clear plastic containers were used to simulate tarping. In 

Experiment I, seed sowing was delayed one day for all treatments. In Experiment 

II, seed sowing was done immediately or delayed one, two, or seven days, 

depending on the treatment. In Experiment III, seed sowing was done 

immediately or delayed one day, depending on the treatment. And finally, in 
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Experiment IV, transplanting was done immediately or delayed one day, 

depending on the treatment. In all experiments, the seed meal and growing 

media were combined and contained for the allotted number of days prior to 

sowing or transplanting so that all seeds or seedlings were subject to the same 

growing conditions. 

Just before sowing or transplanting, each treatment bag was opened and 

medium was placed into a plastic bin and mixed thoroughly. Consistent with 

commercial greenhouse standards, each polypropylene container (8.9-cm by 8.9-

cm) (Hummert International, Earth City, MO) was overfilled with media, tapped 

three times, and leveled off. All containers were filled for all treatments before 

seeds were sown or seedlings were transplanted.  

 After filling all polypropylene containers with media for all treatments, each 

container was prepared for sowing by perforating ten holes in a uniform pattern 

(Figure 4.1) at an approximate depth of 10-mm. Once seeds were sown, holes 

were pinched shut, and containers were irrigated from above with a mist 

attachment until water came through the drainage holes. Containers were  

placed in a completely randomized design, and elevated on inverted 

polypropylene containers to allow for drainage and to reduce contamination from 

pathogens potentially harbored in the wooden greenhouse benches (Figure 4.2).  

 In Experiment I, there were five replicates per treatment while in 

Experiments II - IV, there were three replicates per treatment. All germination 

experiments contained 10 seeds (pseudoreplicates) per replicate and the 

transplant experiment (IV) utilized four seedlings (pseudoreplicates) per replicate.  
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Figure 4.1. Pattern of seed sowing for germination trials of tomatoes.  

 
 
Figure 4.2. Experimental units elevated by inverted polypropylene containers.

 
 

 In each of the experiments, containers were monitored daily for irrigation 

needs, changes in plant growth or health, and signs or symptoms of pathogens 

or pests. If visibly contaminated, i.e., filamentous, hyphal growth on the media 

surface, the unit was removed from the group and discarded from the data set.  

In Experiments I-III, germination was observed and recorded every 24 

hours after seeds were sown. Seeds were marked as germinated as soon as any 

plant part was visible. This included fully emerged seedlings with visible leaves 

and those partially emerged with just stem or hypocotyl tissue evident. 

Germination was monitored until no additional seedlings emerged for five days. 

In Experiment IV, seedlings were observed daily and harvested at 14-days post-
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transplant. These seedlings were air-dried for 5 days, placed in a drying oven at 

50 degrees Celsius for approximately 72 hours, and weighed.  

 In all experiments, except where noted, data were analyzed with PROC 

GLM of the SAS statistical software package (SAS Institute, Cary, NC). If a 

significant P-value was found in the ANOVA model, means were separated using 

PROC LSMEANS and Tukey’s HSD option.  

 

Experiment I: Germination with 24-Hour Delay 

  When seed meal and Redi-Earth were combined and contained for 24 

hours prior to seed sowing, there was no statistical difference in germination 

percentage among treatments (Table 4.1). There was also no statistical 

difference among the average days to emergence for seeds sown in medium 

combined with 0%, 0.6%, and 1.2% seed meal. However, at the 2.4% seed meal 

rate, seedling emergence was significantly delayed compared to the control.  

 

 

Table 4.1. Mean germination percentage and mean days to emergence in response to seed meal 
applied at four rates in 24h-tarped conditions for tomatoes. 
 
Brassica Seed Meal         Germination Percentage       Average Days to Emergence 
 
0% (Control) 92% a* 5.8a 

0.6% 92% a 6.3ab 

1.2% 82% a 6.3ab 

2.4% 84% a 7.2b 

______________________________________________________________________________________
*Within each column, means with no superscripts in common are statistically different at	α= 0.05	
 

 These data suggest that the phytotoxicity caused by Brassica seed meal 
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led to delayed emergence when Redi-Earth was combined with 2.4% seed meal, 

even with a one-day sowing delay. However, rates including 0.6% and 1.2% did 

not yield germination or emergence results significantly different than the control, 

which suggests these rates of seed meal, when tarped for one day, may be 

appropriate for future applications.  

 Although not included in the table, even higher rates of seed meal, 4.8% 

and 9.1%, were also tested in this experiment. Emergence was increasingly 

delayed up to 6 days beyond the emergence of the control seedlings. These 

seed meal rates were not included in the table for consistency among 

experiments, but further illustrated the phytotoxic effects of increased rates of 

seed meal.   

 

Experiment II: Germination with Varying Planting Delays 

Summary 

 Despite the one-day planting delay in the previous experiment, there was 

still a delay in tomato seedling emergence when grown in media combined with 

higher rates of Brassica seed meal. Therefore, testing increased durations of 

planting delays was a natural next step in an attempt to eliminate phytotoxicity. 

Additionally, treatments that were immediately sown, or without a planting delay, 

were necessary to include all appropriate controls.  Further, testing with a plant 

species other than tomatoes would help with the generalizability of conclusions.  

 In these experiments, regardless of tarping, the lowest rate of seed meal 

(0.4%) had no phytotoxic effect on cucumbers or tomatoes; germination 
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percentage and average days to emergence were equivalent. At 1.2% and 2.4% 

seed meal, tarping was necessary to avoid germination delays. At all rates of 

seed meal, there was no difference among one, two, and seven-day planting 

delays. 

 

Results  

Tomatoes 

First, looking at the germination percentage results, the overall ANOVA 

model was significant (P=0.0064). Examining these differences further, there was 

a significant planting delay effect (P=0.0013) but no Brassica seed meal effect or 

interaction effect. The treatments with immediately sown seeds had a 

significantly lowered germination percentage than all of the delayed sowing 

treatments, by about 15-20% (Table 4.2). All delayed treatments were equivalent.  

 

 
Table 4.2. Average germination percentage and days to emergence in response to planting delay 
lengths in tomatoes. 
Planting Delay (days)                           Germination Percentage     
 
No Delay (Immediate Sow) 74% a 

1 88% b 

2 94% b 

7 93% b 

______________________________________________________________________________________
*Means with no superscripts in common are statistically different at	α= 0.05	
 

 

 Examining the average days to emergence results, there was again a 

significant planting delay effect, but for this variable, there were also significant 
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effects for Brassica seed meal and their interaction (Figure 4.3). However, due to 

the interaction, the main effects were not examined individually. 

 

Figure 4.3. Average days to emergence in response to seed meal applied at three rates and four  
planting delay lengths in tomatoes.  

 
*Columns with no letter labels in common are statistically different at α= 0.05 
Tarping treatments: NT = no tarp; 1D = one-day delay; 2D = two-day delay; 7D = seven-day delay 
   

 The seeds sown in medium without seed meal and those sown in medium 

with the lowest rate of seed meal (0.4%) yielded equivalent days to emergence 

regardless of delay lengths. When seeds were sown in medium combined with 

1.2% Brassica seed meal, the no delay or immediate sow treatment yielded a 

delay in emergence of approximately one day compared to the seven-day delay 

treatment. However, there was not a significant difference among the one, two, 

and seven-day delay treatments at this rate. At the 2.4% seed meal rate, seeds 
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sown in the no delay or immediately sown treatment yielded a delay in 

emergence of over three days compared with the delayed treatments. Again, 

there was not a significant difference among the one, two, and seven-day delay 

treatments. 

 

Cucumbers 

 Similar results were found for cucumbers as were observed in tomatoes.  

There was no difference in germination percentage across all seed meal 

application rates and tarping treatments (P = 0.8734); treatments averaged 94% 

germination. Looking at emergence speed however, there was a significant 

interaction effect (P<0.0001).  

 There were no differences among any treatments’ average days to 

emergence except for the 2.4% seed meal medium that was not tarped or 

delayed (Figure 4.5). This treatment delayed emergence approximately 1.5 days. 

As in tomatoes, there was no difference at any rate among the one, two, and 

seven day delay treatments (Figure 4.4).  

 
Figure 4.4. Cucumber seedling emergence increases when planting delays are utilized. 

 
Planting delays for the four pots were, from left to right, zero, one, two, and seven days.  
 

Figure 4.5. Average days to emergence in response to seed meal applied at three rates and four  
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planting delay lengths in cucumbers. 

 
*Columns with no letter labels in common are statistically different at α= 0.05 
Tarping treatments: NT = no tarp, immediate sow; 1D = one-day delay; 2D = two-day delay; 7D = seven-day 
delay 
 
 
 

Repeat Experiment Results 

 This experiment was repeated in May 2016 with tomato seeds only but 

yielded slightly different results. There was a new interaction effect for 

germination percentage that showed at the 1.2% and 2.4% seed meal rates, 

tarping for at least one day was necessary to avoid a decrease in germination 

percentage. All other results mirrored what occurred in the initial experiment, 

including the significant comparison at 1.2% seed meal between the no tarp and 

seven-day delay treatments, and the equivalent means of the one, two, and 

seven-day delay treatments at all seed meal rates (Table 4.3).  
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Table 4.3. Average days to emergence of tomatoes in response to seed meal applied at four 
rates and tarping durations.  
 
Brassica Seed Meal          Tarping/Planting Delay (days)     Average Days to Emergence 
 

0% No tarp (immediate sow) 6.7 bc* 
1 6.7 bc 

2 7.0 bc 
7 6.7 bc 

0.4% No tarp (immediate sow) 6.1 bc 
1 6.3 bc 
2 6.4 bc 
7 5.6 c 

1.2% No tarp (immediate sow) 7.9 ab 
1 6.1 bc 
2 6.4 bc 
7 5.5 c 

2.4% No tarp (immediate sow) 9.7 a 
1 5.9 c 
2 6.2 bc 
7 6.0 c 

______________________________________________________________________________________
*Means with no superscripts in common are statistically different at	α= 0.05 
 
 

Discussion 

At the lowest rate of seed meal (0.4%), there were no decreases in 

germination or delays in emergence at any planting delay duration, including the 

no delay treatment. At the higher rates, 1.2% and 2.4% seed meal, tarping for at 

least one day was necessary to avoid delays in emergence. This was expected 

based on previous literature suggesting that tarping was beneficial. 

Chung et al. (2003) observed phytotoxic effects on lettuce seedlings up to 

one week after seed meal incorporation. However, all tested seed meal rates 

yielded equivalent germination percentages and average days to emergence for 

the one, two, and seven-day planting delay treatments. In contrast to the findings 

of Chung et al. (2003), a one-day delay was sufficient to avoid phytotoxicity.  

 Due to the interaction effects, it was not valuable to examine the individual 
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treatment effects, despite their significance. For example, although there was a 

significant planting delay duration effect for cucumbers (Table 4.4), the difference 

among the means was entirely attributed to the 2.4%, no tarp treatment results 

(Table 4.3).  

 
 
Table 4.4. Average days to emergence in response to planting delay lengths in cucumbers.  
 
Tarping/Planting Delay (days)           Average Days to Emergence 
No Tarp (Immediate Sow) 4.6a* 
1 4.1b 

2 4.2b 

7 4.2b 

*Means with no superscripts in common are statistically different at	α= 0.05 
	
 
 

Between the two species, cucumbers appeared to be less sensitive to the 

phytotoxic effects of Brassica seed meal than tomatoes. There was less 

variability in germination percentage and days to emergence among treatments 

than in tomatoes. This could be due to the larger size of cucumber seeds, as 

supported by Earlywine et al. (2010).  

 

Conclusion 
 

Comparing conclusions across experiments and plant species, the data 

suggest that at the lowest rate (0.4%), there were no significant phytotoxic effects 

but at higher rates of seed meal (1.2% and 2.4%), a planting delay of one day 

was necessary to avoid decreases in germination percentage or delays in 

seedling emergence. Further, there was no difference at any seed meal rate for 

either plant species among the one, two, and seven-day delay treatments. This 
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suggests that a one-day delay would be sufficient to avoid significantly damaging 

effects and that increasing the delay would not yield any added benefits.  

 

 

Experiment III: Germination with Two Media, One-Day Delay 

Summary 

 From the previous germination experiments I concluded that a planting 

delay was necessary and that a 1-day delay would be sufficient. I also wanted to 

examine if there was a seed meal interaction with the type of growing medium.  

 In these experiments, previous findings were supported. At the lowest 

seed meal application rates, 0% and 0.6%, tarping made no difference in 

germination percentage or days to emergence. At 1.2% and above, tarping was 

necessary to avoid germination delays. Redi-Earth germination medium led to 

faster seedling emergence than Pro-Mix, but there was no interaction effect 

causing the seed meal to act differently in the different media.  

 

Results  

 First, looking at the ANOVA results for germination percentage, there were 

no significant effects (P = 0.1440). Conversely, analyzing average days to 

emergence yielded an overall model effect at P<0.0001. With HSD testing, there 

were several significant effects (Table 4.5), which will be examined individually.  
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Table 4.5. ANOVA model for analysis of average days to emergence in response to seed meal 
application and planting delays in tomatoes.  
 
 Source of Variation         P-Value* 
 
Planting Delay Duration <0.0001 
Medium Type <0.0001 
Brassica Rate  <0.0001 
Planting Delay Duration * Medium Type 0.0269 
Planting Delay Duration * Brassica Rate <0.0001 
Medium Type * Brassica Rate 0.3218 
Planting Delay Duration * Medium Type * Brassica Rate 0.8041 

 
*P-values <0.05 are statistically significant 

 

 Beginning with interaction effects, there was not a significant three-way 

interaction between planting delay duration, medium type, and seed meal rate or 

a two-way interaction between medium type and seed meal rate. However, there 

were interactions between planting delay duration and seed meal rate and 

between planting delay duration and medium type.  

 The first interaction, between planting delay duration and seed meal rate, 

resulted in significantly different means between the no delay and one-day delay 

treatment groups (Table 4.6). At 1.2% seed meal, there was a significant delay in 

emergence and again in the 2.4% seed meal treatment. For the one-day delayed 

treatments, there were no significant differences among seed meal treatments.  

 For the second interaction, between planting delay duration and medium 

type, there were significant differences among mean days to emergence (Table 

4.7). In the no delay treatment, there was no significant difference between Pro-

Mix and Redi-Earth. However, in the one-day delay treatment, seeds emerged 

quicker in Redi-Earth than in Pro-Mix. Seeds emerged fastest in the Redi-Earth, 

one-day delay treatment.  
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Table 4.6. Average days to emergence in response to seed meal application rates and tarping 
durations. 
 
Tarping/Planting Delay (day)      Brassica Seed Meal           Average Days to Emergence 
 
1 0% 7.0 ab* 

0.6% 6.7 a 

1.2% 6.8 a 

2.4% 6.8 a 

No Delay (Immediate Sow) 0% 6.7 a 

0.6% 6.9 a 

1.2% 7.6 b 

2.4% 9.5 c 

______________________________________________________________________________________
*Means with no superscripts in common are statistically different at	α= 0.05	
b: p-value = 0.0656                                 
 

Table 4.7. Average days to emergence in response to medium type and planting delay treatments 
in tomatoes.  
 
Tarping/Planting Delay (day)        Media Type                     Average Days to Emergence 
 
1 Pro-Mix 7.2a* 

Redi-Earth 6.4b 

No Delay (immediate sow) Pro-Mix 7.8c 
Redi-Earth 7.3ac 

______________________________________________________________________________________
*Means with no superscripts in common are statistically different at	α= 0.05	
 
 
 
 Studying individual treatment effects, conclusions from the interaction 

effects were supported. Seeds sown in the no delay treatment groups were on 

average 0.86 days delayed in emergence from the one-day delayed treatment 

groups. Across seed meal rates and planting delay durations, Redi-Earth 

treatments’ seeds emerged about 0.61 days sooner than the seeds sown in Pro-

Mix.  

 In order to estimate a maximum seed meal application rate, considering 

any interaction, scatterplots were created and trend lines utilized to calculate 
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predictive equations (Figure 4.6). The one-day delayed trend lines were relatively 

flat across media types and seed meal rates. The no-delay treatments were 

curved, yielding a positive correlation between seed meal rate and days to 

emergence. The R2 values for these no-tarp trend lines were high (>0.9), 

indicating they are good predictors for days to emergence. 

 
 
Figure 4.6. Average days to emergence in tomatoes in response to seed meal application rates, 
tarping duration, and medium types.  

 
NT PM: No tarp/delay, Pro-Mix y = 4306.6x2 + 4.359x + 6.9428       R² = 0.9369 
NT RE: No tarp/delay, Redi-Earth y = 2409.8x2 + 67.346x + 6.2964     R² = 0.9396 
1D PM: One-day delay, Pro-Mix y = -2.1936x + 7.2732  
1D RE: One-day delay, Redi-Earth y=-4.4338x + 6.410  
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Discussion 

 Similar to previous experiments, there were few differences between 

treatment means for germination percentage. This suggests that an equivalent 

number of seeds grown in any of the treatment media would germinate. For 

some greenhouse producers, this conclusion may be the only conclusion 

needed. However, some may be interested in how long it takes for the seedlings 

to emerge, which was different among treatments.  

 The first significant interaction, between planting delay duration and seed 

meal rate, showed that at 0% and 0.6% seed meal, a sowing delay of one day 

did not affect average days to emergence. However, at the 1.2% and 2.4% seed 

meal application rates, delaying sowing for one day was necessary to avoid 

delays in germination. At the highest rate, 2.4%, seedling emergence was 2.5 – 3 

days delayed compared with the other treatments and controls. The practical 

significance of this delay is left up to the individual greenhouse growers. In some 

greenhouses, every square foot of bench space is accounted for on a daily basis. 

Thus, if each plant takes three days longer than planned, these results are 

significant and would reduce the profit of that crop. However, greenhouse 

growers that have recurrent Pythium pre-emergence damping-off would likely 

accept a three-day delay over losing the majority of the crop to disease. Further,  

although it did not make a difference at the lower seed meal application rates, the 

potential inconsistency of measuring tools and ‘more is more’ mentality of some 

growers when using pest control products suggests a one-day delay regardless 

of seed meal application rate.  
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 The second significant interaction, between planting delay duration and 

medium type, showed no significant difference between medium types in the no-

delay treatment. However, in the one-day delay treatment, Redi-Earth was 

significantly faster than Pro-Mix. This interaction, supported by a significant 

treatment effect, suggests that seeds sown in Redi-Earth emerge faster than in 

Pro-Mix. This was expected as Redi-Earth is a special medium made especially 

for germination.  

 The individual treatment effects for delay duration and medium type were 

significant and supported the conclusions of the treatment effects.  A one-day 

delay was superior to immediately sowing and Redi-Earth medium led to faster 

emergence than Pro-Mix. However, the treatment effect for seed meal rate was 

not examined as the data were averaged among other treatments, including 

those with interactions.  

 The treatment and interaction effects that were not significant also led to 

conclusions. The lack of a three-way interaction is favorable for the application 

potential of Brassica seed meal as it suggests that the effect of the seed meal is 

not dependent on a combination of many factors. There was also not a significant 

interaction effect for medium type with Brassica application rate, which illustrated 

that Brassica seed meal did not act differently in Redi-Earth versus Pro-Mix.  

 This experiment was repeated in May 2016. The results and conclusions 

of the original experiment were supported. Thus, the trend lines and equations in 

figure 4.6 can serve as predictors for the average days to emergence results for 

seed meal rates between up to 2.4% but should not be extrapolated beyond that. 
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Conclusion 

 These data suggest that at low rates, up to 0.6%, there were no significant 

phytotoxic effects of Brassica seed meal that reduced or delayed germination. 

However, at rates between 0.6% and 2.4%, tarping the medium and seed meal 

mixture for one day prior to seed sowing was necessary to avoid a decrease or 

delay in germination. The Redi-Earth medium sped the germination process, but 

did not affect the results of the seed meal application. 

  

 

Experiment IV: Transplants 

Summary 

 This experiment was conducted to observe the phytotoxic effects of 

Brassica seed meal on cucumber seedlings at the transplant stage. Additionally, 

a planting delay of one day was employed to examine the hypothesis that this 

treatment could reduce phytotoxic effects.  

 In May 2016, Cucumber ‘Straight Eight’ seedlings were transplanted into 

Pro-Mix amended with Brassica seed meal at varying rates (control or 0%, 0.6%, 

0.9%, 1.2%, 1.9%, 2.4%). 59 out of 60 seedlings (98%) died in the no-delay, 

seed meal-containing groups. However, when the same medium: seed meal 

combinations were combined one day prior to transplanting, only 22% of 

seedlings died. At each seed meal rate above 0%, there was a significant 

difference in the number of surviving plants at fourteen days post-transplant.  
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Results  

 Brassica seed meal was fatal to cucumber transplants at all rates when no 

planting delay was employed (Table 4.8). However, some seedlings grown in the 

one-day delayed treatments also died and were smaller than the controls, 

although not significantly. At all rates, more seedlings survived in the one-day 

delay treatments than in the no delay treatments.  

 
Table 4.8. Average dry biomass weight per cucumber seedling and average number of surviving 
seedlings at 14-days post-transplant.  
 
Brassica  Average Dry Biomass (g)              Average Surviving Seedlings (out of 4) 
Seed Meal       1-Day Delay    No Delay               1-Day Delay           No Delay 
 

0% 0.42a* 0.38a 4.0a*  4.0a 
0.6% 0.28ac 0.00b 3.7a  0.0c 
0.9% 0.22ac 0.06bc 3.0ab  0.3c 
1.2% 0.31a 0.00b 3.7a  0.0c 
1.9% 0.21abc 0.00b 2.0b  0.0c 
2.4% 0.24ac 0.00b 3.3a  0.0c 

______________________________________________________________________________________
*For each variable, means with no superscripts in common are statistically different at	α= 0.05	
 
 

 

Discussion  

 The rates of 0.9% and 1.9% seed meal were added to this experiment to 

be able to compare the results of these rates with the results of the same seed 

meal rates utilized in the previous chapter’s experiments on seedling transplants. 

 In the previous germination trials, there were no decreases or delays in 

germination for rates up to 0.6% seed meal, regardless of planting delays. 

Further, there were no decreases or delays in germination for rates between 

0.6% and 2.4% as long as a one-day planting delay was employed. However, 
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cucumber transplants proved to be more sensitive to the phytotoxic effects of 

Brassica seed meal. They were significantly damaged and killed at all rates of 

seed meal in the no delay treatment group. And although not statistically 

significant, the seedlings grown in medium combined with seed meal were 

smaller than the control, even with a one-day delay. This lack of statistical 

significance was attributed to high variability in the data and small sample sizes.  

 Overall, the data suggest that cucumber transplants are much more 

sensitive to the effects of Brassica seed meal than seeds. This difference could 

be attributed to plant tissues having direct contact with Brassica ITCs in the 

transplant stage and that in germination testing, the seed coat protects plant 

tissues until emergence. This is an important finding that must be further 

explored should Brassica seed meal be introduced for commercial greenhouse 

production applications. 

 

Conclusion 

 Over three germination experiments and one transplant experiment, 

several conclusions were made. Germination percentage was not affected by 

Brassica seed meal treatments at rates up to 2.4% by volume when sowing was 

delayed for one day after combining the growing medium and seed meal. The 

germination speed, represented by average days to emergence, was also 

influenced. At seed meal rates up to 0.6%, no sowing delay was necessary to 

avoid delays. However at 1.2% and 2.4% seed meal, a minimum sowing delay of 

one day was necessary to avoid emergence delays and increasing the duration 
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of delay up to seven days did not yield any added benefits. Redi-Earth 

germination medium yielded faster seedling emergence than Pro-Mix but there 

was no interaction with the seed meal, suggesting that the seed meal did not act 

differently in the different media. Generally, cucumber seeds were less affected 

by the Brassica seed meal than tomato seeds, and transplants were much more 

sensitive to the effects of Brassica seed meal than seeds.   
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