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ABSTRACT 

 

EVALUATION OF ALTERNATIVE HOSTS AND MANAGEMENT STRATEGIES 

FOR SOYBEAN CYST NEMATODE IN SOUTH DAKOTA 

 

PAWAN BASNET 

2018 

 

The soybean cyst nematode (SCN; Heterodera glycines, Ichinohe) is an important 

pathogen of soybean in South Dakota which causes significant yield losses. SCN has 

been found in 30 South Dakota counties as on 2017 and is estimated to cause yield loss of 

1.9 Metric tons (Mt) annually. SCN has diverse crop and weed hosts as it can reproduce 

in several crops and weeds. The presence of Heterodera glycines (HG) types can reduce 

the effectiveness of SCN-resistant cultivars and the HG types reproduction on weed hosts 

can negate the effectiveness of crop rotation by continued build-up in the field. This 

study examined the alternative weed hosts of SCN in South Dakota based on field and 

greenhouse studies. Out of 63 weed species studied, field pennycress and purple 

deadnettle were determined to be the good hosts whereas white clover, common mallow, 

shepherd’s purse, Canada thistle and cocklebur were determined to the poor hosts of SCN 

in South Dakota.  

 

This research also investigated the reproduction of  three commonly found HG types 0, 

2.5.7, and 7 on three major weed hosts of SCN in the United States: purple deadnettle, 
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field pennycress, and henbit relative to a susceptible check, Williams-82, under 

greenhouse conditions. SCN reproduction was found to be influenced by the type of weed 

species, HG types and their interaction. SCN reproduction was highest for HG type 2.5.7 

(FI = 6.4) followed by HG type 7 (FI = 6.1) and HG type 0 (FI = 5.9). Similarly, among 

weed species, henbit (Lamium amplexicaule) was found to harbor highest SCN cysts 

followed by purple deadnettle (Laminum purpureum) (FI = 6.9) and field pennycress 

(Thalpsi arvense) (FI = 4.8). These results indicate that all the three weeds considerably 

supported SCN HG types tested and hence these weeds should be managed proactively as 

an important component of SCN management strategies.  

 

Another aspect of this research was to determine the effects of flooding on SCN 

development with or without nematicide seed treatment. Flooding days and seed 

treatment affected the number of SCN cysts on the susceptible cultivar. The greatest 

number of cysts developed when plants were flooded for 2 days (Cyst = 36) followed by 

treatments flooded for 0, 4, and 6 days. The number of cyst was lowest for the plants 

flooded for 8 days (Cysts = 26). This study also indicated that ILeVO seed treatment 

lowered SCN reproduction on a SCN susceptible soybean cultivar and promoted root 

development. 

 

This study indicated that a few weeds support SCN reproduction which is impacted by 

the presence of different HG types of SCN, flooding and seed treatments. All these 

aspects should be integrated with other management strategies in order to manage SCN 

effectively.  
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Keywords: Heterodera glycines, HG types, SCN, winter annual weeds, SCN weed hosts, 

female index, flooding, ILeVO, management, reproduction
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CHAPTER 1 

 

1. Literature review

1.1. Soybean history 

Soybean [Glycine max (L.) Merr.] originated from Southeast Asia (Hymowitz, 1970; 

Hymowitz and Newell, 1981). It was first domesticated in Northeast China about 1100 

BC, and this area is regarded as its primary gene center. Soybean was introduced and 

developed as landrace into several countries including Japan, Indonesia, Philippines, 

Vietnam, Thailand, Malaysia, Burma, Nepal and India which are regarded as secondary 

gene centers (Hymowitz, 1990). Samuel Bowen (a seaman in East India Company) from 

Savannah, Georgia first introduced soybean to the United States in 1765 AD (Harlan and 

Hymowitz, 1983). Later, Benjamin Franklin also sent soybean seeds from London to 

Philadelphia, Pennsylvania in 1770 (Harlan and Hymowitz, 1983). Soybean was 

introduced to Illinois in 1851 and subsequently to the corn-belt (Hymowitz, 1990).  

Initially, it was grown for the manufacture of soy sauce, vermicelli (soybean noodles), 

coffee berries to brew coffee (Harlan and Hymowitz, 1983), forage crop (Probst and 

Judd, 1973), poultry feed, soybean oil, vegetable protein meat and other uses (Hymowitz, 

1990). However, its status as grain crop became prominent after 1920 AD (Probst and 

Judd, 1973). 

 

1.2. Production and economy 

Soybean is second most important crop in terms of acreage and production in the United 

States (USDA NASS-ERS, 2017). North America and South America contribute around 

80% of total soybean produced in the world (Chang et al. 2015). United States of 
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America contributed around 35% of world’s total soybean production and was worth 

about $40.8 billion in 2017 (http://SoyStats.com, 2017) with a production of 119.5 

million metric tons (Mmt) for the year 2017 (USDA ERS, 2017). This makes the USA 

first in soybean production in the world and is followed by Brazil, Argentina, and China, 

which contribute 33%, 14%, and 4% of the world soybean supply, respectively (USDA-

FAS, 2017-2018).  

 

Global soybean production is estimated to reach 354.5 million metric ton by 2018 

suggesting an increase in production around the globe (USDA-FAS, 2017-2018). In 

South Dakota, soybean is second most important crop grown in the eastern half of the 

state in an area of 2.1 million hectares producing 6.6 Million metric tons and worth 

around $2 billion in 2017 (USDA NASS, 2017).  

 

1.3.1. Soybean cyst nematode  

Soybean production is affected by numerous plant pathogens (Hartman and Sinclair, 

1999) and among all the biological factors causing soybean yield loss, soybean cyst 

nematode (Heterodera glycines, Ichinohe) ranks first (Niblack, 2005; Wrather and 

Koenning, 2006). In a three-year study, it was found that soybean cyst nematode (SCN) 

caused an estimated annual loss of $1.3 billion (Koenning and Wrather, 2010). Thus, 

soybean cyst nematode is an important pathogen which continuously threatens soybean 

production all around the globe (Mitchum, 2016). Soybean cyst nematode is a soilborne, 

obligatory, sedentary, endoparasitic nematode which parasitizes soybean roots (Niblack 

et al. 2006).  

http://soystats.com/
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Soybean cyst nematode belongs to phylum Nematode, order Tylenchida, and family 

Heteroderidae. The genus Heterodera comprises cyst-forming nematodes which are 

diagnosed by their ability to form cysts (thick walled dead female shielding eggs) on the 

roots (Agrios, 2005). Furthermore, the genus Heterodera is one of the three genera of 

sedentary endoparasites which is considered as the most economically important group of 

plant-parasitic nematodes (Williamson and Gleason, 2003).  

 

1.3.2. Origin and distribution of SCN 

SCN was first identified and reported in Japan in 1915 AD (Hori, 1915). There had been 

reports of SCN being present before 1915 AD, however, it was misidentified as sugar 

beet cyst nematode, Heterodera schachtii (Ishikawa, 1916). Later it was named ‘soybean 

yellow dwarf disease’ in 1921 (Ito, 1921). In 1880, there had been reports of SCN in 

Northeastern China which remained unconfirmed (Noel, 1992; Liu et al.1997). It was 

later reported from Korea (Yokoo, 1936), China (Nakata and Asuyana, 1938), and the 

United States of America (Winstead et al. 1955). Other reports of SCN from Canada, 

Italy, and Iran followed (Yu, 2011).  

 

In the United States, SCN was first detected in Hanover County of North Carolina in 

1954 (Winstead et al. 1955). It is believed to have been introduced from Japan through 

soil infested with Bradyrhizobium spp. (Hymowitz, 1990) while some scientists advocate 

the view that SCN evolved from H. schachtii. Some scientists even believe that it had 

been introduced through soybean seeds and flower bulbs of narcissus and gladiolus from 
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Japan (Spears, 1955). SCN was detected in Missouri and Tennessee in 1956, Arkansas, 

Kentucky and Mississippi in 1957, and Virginia in 1958 (Riggs, 1975) and quickly 

spread to the corn-belt. SCN was first detected in South Dakota in Union county in 1995 

(Smolik and Draper, 1998) and has since been found in 30 counties of South Dakota 

(Acharya, 2015) causing estimated yield loss of 1.9 Metric tons (Mt) annually. 

https://www.sdsoybean.org.   

 

1.3.3. Life cycle and infection process of SCN 

The life cycle of SCN is comprised of three main stages: egg, juvenile, and adult which 

begin with the fertilized eggs. Embryogenesis and molting result in the formation of the 

first stage juvenile (J1) inside the egg (Niblack, 2005). The J1s continue molting to form 

second-stage juvenile (J2). Egg hatching is influenced by several factors such as soil 

temperature (Wallace, 1955; Slack and Hamblen, 1961; Clarke et al. 1978; Tefft et al. 

1982), soil texture (Hillel, 2004), host root exudates (Tefft and Bone, 1985), pH (Tefft et 

al. 1982) and sometimes egg hatching is age-mediated (Niblack, 2005). The J2 locate the 

root through chemo-location (Perry, 1996) and infects the susceptible host with the help 

of specialized penetrating organ called stylet (Lauritis et al. 1983). Failure in finding the 

root ultimately results in nematode starvation and death (Hershman, 1997). The J2 then 

migrates towards the vascular system (Davis et al. 2004) and destroys cortical and 

epidermal cells by cellulase enzyme (Ross, 1958; Wang et al. 1999). The juveniles then 

produce pathogenesis factors that dissolve cell wall which results in substantial 

cytoplasmic changes forming a dense mass of cytoplasm (Endo, 1998). These dissolved 

cells undergo morphological changes and enlarge to metabolic sink known as a 

https://www.sdsoybean.org/
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syncytium (Davis et al. 2004) which remains intact throughout the life of nematode 

(Koenning and Sipes, 1998). The juveniles now become sedentary and continue drawing 

nutrients from the syncytium and molt into next stage, the third stage juvenile (J3). At 

this development stage, the J3s undergo sexual differentiation (Riggs and Wrather, 1992; 

Wrather et al. 1984). J3 males undergo metamorphosis regaining their vermiform shape 

and exit the root (Triantaphyllou and Hirschman, 1962). These adult males become free 

living and move in the soil searching for the females to mate with the help of sex 

pheromone (Jaffe et al. 1989) and consequently die after mating. J3 females continue to 

draw nutrients and eventually change into a lemon-shaped structure called cyst that break 

externally through the root surface. Each cyst contains 40-600 eggs with an average of 

200 eggs (Sipes et al. 1992). Most of the eggs are present inside the cyst but few eggs are 

present outside in the gelatinous secretion as well (Koenning, 2004). Upon death, the cyst 

produces antimicrobial compounds like chitinase and polyphenol oxidase (Niblack et al. 

2006) to guard eggs against desiccation and microbial infection. Eggs can remain viable 

in optimal conditions for up to 9 years (Inagaki and Tsutsumi, 1971; Melito et al. 2010; 

Niblack et al. 2006). Typically, SCN takes around 3 to 4 weeks to complete its life cycle 

but this is influenced by several environmental factors such as temperature, moisture, and 

pH (Riggs and Wrather, 1992). However, under the controlled environment of 25 °C, it 

takes 21 days for SCN to complete its life cycle (Lauritis et al. 1983). In South Dakota, 

depending upon the soybean maturity group planted, SCN can complete up to 3-4 life 

cycles in a single growing season (Acharya, 2015).  

 

 1.3.4. Symptoms and detection measures 
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SCN infection starts when second stage juvenile penetrates into fine epidermal root of 

young soybean plants. The injury causes morphological and physiological damage to the 

root (Schmitt et al. 2004) but the extent of damage in terms of yield and growth is 

dependent on the number of second stage juveniles feeding the roots (Endo, 1992). These 

syncytia (metabolically active nematode feeding sites in the roots) interfere with the 

secondary root growth (Noel, 2004) leading to root system reduction and the blockage of 

the vascular bundles. A reduced root system with clogged vascular bundles affects the 

transport of minerals and nutrients from the soil. Sometimes, it also reduces nodule 

formation resulting in fewer nodules that supply nitrogen to the plant and is an important 

factor for soybean growth (Noel, 2004).  Typical symptoms of SCN include stunting, 

yellowing, midday wilting, and ultimately resulting in yield reduction (Niblack, 2005). 

However, foliar symptoms are not confirmatory symptoms and sometimes, the infestation 

may not be detected due to lack of visual symptoms (Wang et al. 2003; Young, 1996). 

Foliar symptoms produced by SCN can also be misinterpreted for other problems like 

nutrient deficiency (iron, potassium, and nitrogen), drought stress, herbicide injury, other 

pests and disease interactions (Niblack et al. 2006). Soil sampling for SCN is the most 

reliable means of confirming and monitoring SCN infestations and there are also several 

molecular techniques which can detect SCN effectively (Sankaran et al. 2010; Baidoo et 

al. 2017). Polymerase chain reaction (PCR) and Real-time PCR, Enzyme-Linked 

Immunosorbent Assay test (ELIZA), Immunofluorescence (IF), Fluorescence in-situ 

hybridization (FISH) and DNA microarrays, Amplified Fragment Length Polymorphism 

(AFLP) are commonly used techniques (Lopez et al. 2003; Martin et al. 2000; Hooper et 

al. 2005). 
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1.3.5. Race and HG type  

SCN are highly heterozygous in nature, which results in the variability in parasitism that 

differs among soybean cultivars. After the development of the first resistant cultivars 

against SCN, several reports of variability in pathogenesis were also reported (Ross, 

1962; Niblack and Chen, 2004). To explain the variability of SCN to growers and 

breeders, the race concept was developed in 1970. To characterize the race, resistance or 

susceptibility of SCN against four SCN differential lines PI 88788, PI 90763, Peking and 

Picket were utilized (Golden et al. 1970; Riggs and Schmitt, 1988). Race classification 

was expanded again into 16 different races utilizing the original four differential lines 

(Riggs and Schmitt, 1988). SCN population was determined to be virulent to a resistant 

source if the relative number of females developed was equal or greater than 10% of the 

number of females developed in SCN susceptible check Lee 74 (Schmitt and Shannon, 

1992). Constantly changing pathogenicity of SCN and the development of new resistant 

sources of soybean, the race system became very complex using the race formula to 

determine the diversity of SCN population. Thus, the race system was then replaced by 

HG type system (HG: Heterodera glycines) (Niblack et al. 2002). HG type is ameliorated 

classification system of SCN by considering the reproduction of SCN on seven soybean 

differential lines which are PI 548402 (Peking) (1), PI 88788 (2), PI 90763 (3), PI 437654 

(4), PI 209332 (5), PI 89772 (6), and PI 548316 (Cloud) (7)  as compared to the standard 

susceptible check (Niblack et al. 2002; Wang et al. 2013). Unlike the race system, HG 

type system does not use Picket as this differential line was derived from Peking and has 

4 additional differential lines.  
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Peking and PI 88788 are the two important sources of resistance against SCN in North 

America (Concibido et al. 2004). PI 88788 alone constituents more than 95% of the share 

in commercial resistant cultivars (Mitchum, 2016; Joos et al. 2013; Tylka and Mullaney, 

2015). This has led to the adaptation of SCN to PI 88788 source of resistance which is 

supported by reports of shifts and breakdown of PI 88788 resistance from different 

soybean growing states (Mitchum et al. 2007; Niblack et al. 2008; MacGuidwin, 2012; 

Hershman et al. 2008; Zheng and Chen, 2011; Acharya et al. 2017b).  In South Dakota, 

race determination was done in 2005 using two populations of SCN from Turner and 

Union county which was identified as race 3 (HG type 0) (Jones, 1997) while a recent 

report suggests that HG type 0, 2.5.7 and 7 are more prevalent in South Dakota (Acharya 

et al. 2017a).  

 

1.3.6. SCN crop hosts  

Soybean is the major host of SCN but it can also infest a wide range of other crops and 

weeds. Over 140 genera of plants can be infected by SCN with a majority of hosts 

belonging to the family Leguminosae while 22 non-legume families have been found to 

be the hosts (Riggs and Wrather, 1992). Riggs (1987) reported the penetration and 

development of SCN in crops such as turnip (Brassica rapa L.), alfalfa (Medicago sativa 

L.), lima bean (Phaseolus lunatus L.), common bean (P. vulgaris L.), hairy vetch (Vicia 

villosa Roth.), cowpea (Vigna unguiculata), tomato (Lycopersicon esculentum Mill.), 

white lupine (Lupinus albus L.), purple bush bean (Macroptilium atropurpurea), wild 

bush bean (Macroptilium lathyroides), tepary bean (P. acutifolius A.), and adzuki bean 

(Vigna angularis Willd.) (Riggs, 1987). Legumes such as Canada tick clover 
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(Desmodium canadense L.), hairy vetch (Vicia villosa Roth.), lima bean (Phaseolus 

lunatus L.), little marvel pea (Pisum sativum L.), strawberry clover (Trifolium fragiferum 

L.), string bean (Phaseolus vulgaris L.) and tender bean (Phaseolus vulgaris L.) were 

reported to be good hosts of SCN in a greenhouse study (Jones, 1997). Dry beans such as 

Black bean (Phaseolus vulgaris L.), Kidney bean (Phaseolus vulgaris L.), Navy bean 

(Phaseolus vulgaris L.), and Pinto bean (Phaseolus vulgaris L.) were also reported to be 

good hosts of SCN (Poromarto et al. 2011; Poromarto and Nelson, 2009; Yan et al. 

2017).  

 

1.3.7. Weed hosts 

Several winter annual weeds were determined to be alternative hosts of SCN and 

therefore pose significant impact on its management in the field (Duncan and Noling, 

1998; Thomas et al. 2005). Resistant cultivars, seed treatments, and crop rotation are 

important measures to manage the SCN (Hartman and Sinclair, 1999) but weed hosts 

supporting high reproduction of SCN could reduce the effectiveness of these 

management measures (Poromarto et al. 2015). Riggs and Hamblen conducted a the 

detailed study on the alternative weed hosts of SCN where 164 weed species were listed 

as poor hosts from the collection of 286 weed species from 22 families. The weed species 

were declared hosts if SCN were able to form at least 1 cyst in the weed roots (Riggs and 

Hamblen, 1966a). In 1987, a comprehensive list of crops and weed species was 

determined and categorized as 1) plants not penetrated by SCN, 2) plants penetrated but 

no development occurred, 3) plants penetrated and slight development occurred and 4) 

plants penetrated and development occurred to maturity (Riggs, 1987). In another study, 
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Poromarto et al. (2015) detected 26 new alternative weed species from 11 plant families 

from different collections. However, henbit (Lamium amplexicaule L.) (Epps and 

Chambers, 1958; Riggs and Hamblen, 1962; Poromarto et al. 2015; Werle et al. 2015; 

Creech et al. 2007b), common purslane (Portulaca oleracea L.) (Riggs, 1992; Riggs and 

Hamblen, 1966a; Poromarto et al. 2015), purple deadnettle (Lamium purpureum L.) 

(Riggs and Hamblen, 1962; Poromarto et al. 2015; Werle et al. 2015; Creech et al. 

2007b), and field pennycress (Thalpsi arvense L.) (Venkatesh et al. 2000; Poromarto et 

al. 2015) are the major alternative weed hosts commonly reported from different states in 

the United States.  

 

Winter annual weeds have added daunting challenges to crop production in the recent 

years (Nice and Johnson, 2005). Different types of tillage practices adopted by growers 

have contributed to the weed establishment in the field. For an instance, conservation 

tillage practice contributed around 27% of total tillage practices and no-till contributed 

around 37% of the total cultivable land (USDA NASS, 2017) which has resulted in the 

reduction in soil disturbance and has facilitated weed establishment and seed production.  

Another important cause for the resurgence in weed populations is the adoption of 

herbicide-resistant soybean cultivars. In 2017, herbicide tolerant soybean constituted 

around 94% of total soybean acreages in the United States (USDA ERS, 2017). Increased 

use of herbicide-tolerant soybean has led to a reduction in the use of soil residual 

herbicides that has also promoted weed seed bank (USDA ERS, 2017). Mild winters 

experienced in recent years also has reduced winter killing of the weeds (Krausz et al. 

2003). Soybean growers who use more intensive tillage practices as a measure to control 
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weeds can promote the SCN spread and multiplication as a result of these soil 

disturbances (Koenning and Barker, 1995; Young, 1987). Meanwhile, herbicides used to 

manage the weeds also facilitate SCN growth by altering the soil temperature (Creech et 

al. 2007b).  

 

1.3.8. Role of weeds in HG type diversity  

Reproduction of SCN HG types on different weed hosts is an important aspect of SCN 

management. This knowledge can help to determine whether a particular SCN HG type is 

able to reproduce on specific weed hosts along with the ability of the weed hosts to 

support different SCN HG types. Furthermore, several reports have documented that 

weed species are responsible for the selection pressure of SCN in a particular region 

(Poromarto et al. 2015).  

 

The most conventional measure for SCN management is planting of resistant cultivars 

and when a resistant cultivar derived from a single source of resistance is continuously 

planted over subsequent cropping seasons, SCN HG types which are able to reproduce on 

the resistance source may be developed. Similarly, several weed hosts in the field may be 

able to support a particular SCN HG type and maintain the source of inoculum for the 

subsequent cropping season. This, in turn, can favor particular SCN HG type to dominate 

in the field. This phenomenon is witnessed by major soybean producing states where 

shifts in the SCN HG types had been observed. The reason behind the shift is not well 

known but may be due to alternative weed hosts influencing development of different HG 

types in the field further complicating SCN management. HG type diversity and 
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interaction with different hosts can impart important information on HG type shifts, 

selection pressure, and abundance of new HG types which in turn can inform about 

devising appropriate management strategies against SCN.  

 

1.4. SCN interaction with other pathogens 

SCN and brown stem rot (BSR) are commonly found diseases throughout the soybean 

growing region of the United States (Workneh et al. 1999). Incidence and severity of 

BSR of soybean were highly correlated with the presence of SCN regardless of the 

resistance or susceptibility of cultivars to BSR. Some sources of SCN resistance also 

confer resistance to BSR (Oplinger et al. 1999), which is validated by the fact that PI 

88788 source of resistance of SCN performed better than BSR resistant check in 

preventing the infection of BSR, whereas Peking performed similarly to standard BSR 

susceptible check under in the greenhouse conditions (Kurtzweil et al. 1999).  

 

Sudden Death Syndrome (SDS) and SCN are generally prominent in the low-lying parts 

of the field where the soil has higher moisture (Roy et al. 1997). Though SDS and SCN 

are unrelated in the infection mechanism, they are often found occurring together (Roy et 

al. 1989) but the relationship among these pathogens have been reported to be 

inconsistent. Some research reported positive correlation between the fungus and SCN 

(McLean and Lawrence, 1993; Xing and Westphal, 2006; Brzostowski et al. 2014, 

Westphal et al. 2014) while other studies reported weak interaction or no correlation 

between the pathogens (Roy et al. 1993; Gao et al. 2006; Marburger et al. 2014).   
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An additive interaction was observed between SCN and the Phytophthora rot pathogen P. 

sojae where the lesion length caused by P. sojae was significantly higher in presence of 

SCN (Adeniji et al. 1975). In another study, P. sojae incidence was increased on the SCN 

infected soybean plants (Kaitany et al. 2000). P. sojae and SCN were found to possess 

damaging effect on all the growth variables of soybean plants when combined as 

compared to the single pathogen (Chowdhury, 2017). Increased lesion length was 

observed for P. sojae in presence of SCN whereas SCN population was significantly 

reduced in presence of P. sojae (Chowdhury, 2017).  

 

It was reported that the presence of SCN can reduce the lesion length of stem canker 

pathogen Diaporthe caulivora by 40% on soybeans (Russin et al. 1989) depicting the 

negative effect of SCN on the fungal pathogen on SCN (Raven and Johnson, 2002; 

Russin et al. 1989). Reduction in the cyst and juvenile numbers in presence of D. 

caulivora has also been reported (Russin et al. 1989). In another study, it was reported 

that co-infestation of both SCN and D. phaseolorum caulivora did not significantly 

reduce yield as compared to non-inoculated control (Pacumbaba, 1991). In a recent study, 

SCN reproduction was also found to be reduced by 90% or greater when the fungus was 

inoculated earlier to the plants than SCN whereas the lesion length was increased by 76% 

or more when SCN was inoculated earlier (Posch, 2017). 

 

Soybean aphid and SCN possess an indirect effect on one another if soybean is infected 

with both of pests (McCarville et al. 2014). In the presence of soybean aphid, SCN 

reproduction increased on the SCN resistant cultivar whereas reproduction decreased on 
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the susceptible cultivar (McCarville et al. 2014) which indicated that the aphid feeding 

favors the SCN but at higher aphid population densities, this effect is compensated by 

decrease in resources for both pests (McCarville et al. 2014). Moreover, it was also 

reported that the cultivars containing soybean aphid resistant Rag1 gene do not confer 

protection against SCN (Macintosh et al. 2009). In a recent study, it was also found that 

the number of SCN cysts increased when soybean aphids were increased for SCN 

resistant cultivars while this pattern was not observed for SCN on the susceptible cultivar 

(Knodel et al. 2016). 

 

 

1.5. SCN management  

SCN management is a challenge to soybean growers because of SCN ability to survive 

for a long period of time even in absence of hosts, its ability to break down the resistance 

of commonly grown SCN resistant cultivars and its ability to survive in a wide range of 

deleterious environmental conditions (Niblack and Chen, 2004). The most commonly 

practiced SCN management measures are crop rotation, seed treatment, and planting of 

resistant cultivars (Niblack et al. 2003; Faghihi and Ferris, 2006; Niblack, 2005; Tylka, 

2008; Oyekanmi and Fawole, 2010).  

 

 

1.5.1. Host resistance  

Resistant varieties are a promising management tool to manage SCN (Niblack et al. 2003; 

Faghihi and Ferris, 2006; Niblack, 2005; Tylka, 2008; Oyekanmi and Fawole, 2010). In 
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resistant cultivars, second stage juveniles fail to form a permanent feeding site i.e. 

syncytia (Davis et al. 2004; Davis et al. 2000; Johnson et al. 1993).  After the discovery 

of SCN in North Carolina (Winstead et al. 1955), efforts to identify SCN resistance genes 

began and subsequently, a resistant cultivar was introduced in 1957 (Ross and Brim, 

1957). From 1973-82, $405 million profit was obtained by the deployment of a resistant 

cultivar called Forrest (Bradley and Duffy, 1982). Around 118 PI lines resistant to SCN 

were identified from USDA-ARS soybean germplasm collection (Arelli et al. 2000). 

Among these 118 PI lines, only two (PI 88788 and PI 548402/Peking) have been utilized 

in breeding programs depicting the narrow genetic base of today’s host resistance 

(Concibido et al. 2004). In soybean PI line Peking, 3 recessive QTLs’: rhg1, rhg2, and 

rhg3 were found which confer resistance on Peking germplasm (Caldwell et al. 1960). A 

fourth dominant gene linked to I-locus, Rhg4 has been identified from Peking source of 

germplasm responsible for seed coat pigmentation as well as SCN resistance (Matson and 

Williams, 1965). Dominant gene Rhg5 was also discovered from PI 88788 (Rao-Arelli, 

1994; Rao-Arelli et al. 1992). However, it was determined that LRR-kinase gene 

(classical gene family conferring resistance) at rhg1 and Rhg4 were independent of 

resistance to SCN which led the researchers to refine the linkage maps (Liu et al. 2011; 

Melito et al. 2010). In another study, it was reported that the 3 dissimilar genes in 10 

tandem copies of 31 kb segment are responsible for PI 88788 type of resistance (Cook et 

al. 2012) whereas the gene serine hydroxy-methyltransferase (SHMT) was responsible 

for Peking-type resistance (Liu et al. 2012). Moreover, genetic mapping studies suggested 

that PI 88788 type resistance requires Rhg1 whereas Peking-type resistance requires 

Rhg4 to confer resistance to SCN (Concibido et al. 2004; Meksem et al. 2001). 
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Seven PI lines PI-548402 (Peking), PI-88788, PI-90763, PI-437654, PI-209332, PI-89772 

and PI-548316 (Cloud) are usually utilized for development of SCN resistant varieties in 

which PI-88788 constituents more than 95% of resistant sources in the United States 

(Concibido et al. 2004; Schmitt et al. 2004; Shannon et al. 2004; Mitchum, 2016). 

Remaining 5% is shared by Peking, PI-437654 or by their combinations (Joos et al. 2013; 

Tylka and Mullaney, 2015). A QTL was identified on PI-567516C conferring resistance 

to multiple HG types (Vuong et al. 2010). Resistant cultivars were found to reduce SCN 

infestation along with increasing soybean yield (Chen et al. 2001b). The yield benefit was 

about 48% when resistant cultivar was combined with nematicides (Heydari et al. 2012).  

 

SCN resistance is found to be governed by the group of dissimilar genes at multiple loci 

and the variation of their copy numbers, therefore, more in-depth research is needed 

beyond a single gene model (Mitchum, 2016).  Another alternative strategy for imparting 

resistance is through turning-off or modifying susceptibility genes (Fosu-Nyarko and 

Jones, 2015) which were first demonstrated by Guo et al. (2015). Approaches that can 

stack R and S genes could be promising for improving SCN resistance in soybean along 

with sustaining natural resistance. For now, a combination of crop rotation with non-host 

crops along with planting SCN resistant cultivars differing in their resistant gene sources 

are followed to manage the disease (Niblack, 2005; Tylka and Mullaney, 2015; Mitchum, 

2016).  

 

1.5.2. Crop rotation  
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Though SCN has broad host range consisting of many cultivated crops and weed hosts, 

crop rotation is an important measure to manage the SCN (Ross, 1960; Niblack and 

Chen, 2004). Crop rotation is the most sustainable and environmentally friendly measure 

to check the SCN population increase in the field. 

 

In the Midwestern region, corn is one of the commonly rotated crops with soybean (Noel 

and Edwards, 1996; Chen et al. 2001a; Perez-Hernandez, 2013). It has been found that 

corn rotation with soybean in the form of annual, biennial or longer crop rotations 

reduces SCN population densities (Young and Hartwig, 1992; Noel, 2008) but the 

underlying mechanism is not precisely known. In another study, the average decline of 

SCN was 51% during a three-year crop rotation study in Nebraska (Perez-Hernandez, 

2013). However, stimulation of egg hatching but failure to get subsequent infections is 

found to reduce the number of SCN in such rotation (Warnke et al. 2008). However, one 

year of rotation was not found to be effective in reducing the number of nematodes 

(Miller et al. 2006). Rotation with corn coupled with soil fumigation with nematicides 

was found to be effective in controlling SCN. However, fumigation is no longer 

recommended a as most fumigants have been removed from the market because of threat 

to the environment (Sasser and Grover, 1991).  

 

1.5.3. Use of cover crops 

Several cover crops are found to reduce nematodes in the field either in rotation or when 

inter-seeded with the major cash crops (Duncan and Noling, 1998; Abawi et al. 2000). 

However, the effect of cover crops on the nematodes depends upon species of cover 
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crops and the nematodes present in the field (Phatak, 1998; McSorley, 1998; Abawi et al. 

2000). Several research studies have shown there is a potential of cover crops to help in 

SCN management (Niblack and Chen, 2004). For instance, Brassica spp. which contain 

glucosinolates that decompose to form isothiocyanate, which has a strong nematicidal 

property is effective against nematodes (Donkin et al. 1995; Chitwood, 2002; Jing and 

Halbrendt, 1994). Crops such as wheat and other cereals were found to produce phenolic 

compounds responsible for reducing nematode populations (Hershman and Bachi, 1995), 

although winter wheat coupled with poultry manure did not reduce SCN population 

significantly (Wight et al. 2011). Cereal rye produces toxic compound benzoxazinoids, 

which have been found to reduce nematode populations (Zasada et al. 2005). Another 

study reported the use of annual ryegrass after soybean harvest reduced SCN (Pedersen 

and Rodriguez-Kabana, 1991) as the residue of annual ryegrass (Lolium multiflorum) 

stimulated hatching of SCN eggs in absence of soybean, and thus reducing the 

subsequent SCN population and parasitism (Mock et al. 2009; Riga et al. 2001). Bean 

sprout residue was also found to reduce SCN population when applied in the field 

(Toyota et al. 2013). In a greenhouse study, SCN cyst development was not found in 

cover crops such as annual ryegrass, Camelina, carinata, Ethiopian cabbage, faba bean, 

foxtail millet, radish, rape dwarf Essex, red clover, sweet clover, triticale and winter rye, 

indicating their use in the form of crop rotation would not increase SCN in the soil 

(Acharya et al. 2017a).   

 

1.5.4. Effect of irrigation and tillage on SCN 
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The impact of irrigation on SCN is not well documented. However, it was found that 

SCN population density was lowered in irrigated plots than in non-irrigated plots 

(Koenning et al. 1995) but it was unknown whether it was due to the water content or 

oxygen content ratio. Nevertheless, water is crucial for the spread of SCN from the 

previously infested field to the new fields (Faghihi et al. 2010). Drought stress facilitates 

soybean to increase root mass to absorb more water and nutrients and the increased root 

mass also favors SCN infection (Huck et al. 1986). Since SCN nematode requires aerobic 

respiration in its life cycle, the soil oxygen level also plays an important role in SCN 

survival (Koenning and Barker, 1995). Coarse-textured soil has larger pores and drains 

more easily than fine-textured soils, and favors nematode activity by allowing longer 

periods of aerobic conditions (Vrain, 1986).    

 

Many studies have been conducted to determine the effect of tillage on SCN populations 

but the results obtained are inconsistent. This may be attributed to the fact that the results 

obtained from tillage types were field specific (Noel and Wax, 2003; Niblack and Chen, 

2004; Westphal et al. 2009). It was also found that the tillage, especially of fine-textured 

soil, could increase the nematode population in the field (Workneh et al. 1999). Another 

study confirmed that tillage could be responsible for the regional spread of SCN 

(Gavassoni et al. 2007). Reduced tillage intensity in fine-textured soils was found to 

lower the SCN population in rotated experimental plots (Westphal et al. 2009). In another 

multifactorial analysis of 8 predictors, it was found that soil type was the important factor 

in predicting the SCN mortality in annually rotated plots in Nebraska (Perez-Hernandez, 

2013; Perez-Hernandez and Giesler, 2014).   
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1.5.5. Biological control measures 

Several studies were conducted to determine the effect of different fungi and bacteria for 

SCN management. Fungi such as Hirsutella minnesotensis, H. rhossiliensis, 

Cylindrocarpon heteronema and bacteria such as Pseudomonas spp., Lysobacter spp., 

and Variovorax spp. had been found to possess antagonistic effects on SCN. 

Endoparasitic fungal species such as Hirsutella minnesotensis and H. rhossiliensis were 

reported to infest SCN juveniles and thus reduce the infection on the roots (Chen, 2007; 

Chen and Liu, 2005; Chen et al. 2000; Zhang et al. 2006). Sinorhizobium fredii strain 

Sneb183 is reported to reduce SCN cysts and juveniles by lengthening their 

developmental period (Tian et al. 2014). Pirformospora indica, a plant growth promoting 

fungi suppresses SCN eggs and juveniles along with enhancing flowering in soybean 

(Bajaj et al. 2015).   

 

Pasteuria nishizawae, an endospore-forming endoparasite of SCN reduces SCN juveniles 

and eggs considerably (Sayre et al. 1991; Noel et al. 2005). Syngenta has developed a 

nematicidal seed treatment ClarivaTM based on Pasteuria nishizawae (Sharma et al. 2015) 

which is found to reduce nematode population along with enhancing yield in soybean 

(Fawcett et al. 2014). Bacillus firmus is the other bio-control agent which is an 

endospore-forming bacteria that feeds on root exudates and thus, reduces the possibility 

of SCN juveniles infestation of roots (Crow, 2014). However, the effect of Pasteuria 

nishizawae and Bacillus firmus has been inconclusive under field conditions (Tylka and 

Marett, 2014; Musil et al. 2015; Robertson et al. 2016). Poncho/ VOTiVO is another 

nematicidal seed treatment developed by Bayer CropSciences (2018). It is derived from 
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the bacteria Bacillus firmus which shields young roots against SCN juveniles by creating 

a living barrier. 

  

Research studies have shown that seven strains of Pseudomonas were found to suppress 

the activity of SCN through 15 independent sets of greenhouse assays (Taylor, 2017). It 

has also been speculated that microorganisms naturally regulate SCN populations in the 

infected field for some period (Chen, 2004). Though several bio-control agents for 

managing SCN have been identified, the cost-effective integration of these biological 

control agents in conventional soybean production still challenges the SCN research 

community and commercial producers.  

 

1.5.6. Chemical control measures 

Several chemical compounds (nematicides, herbicides, fungicides)  have been found to 

impart some control over SCN along with enhancing plant health. Aldicarb, a carbamate 

group of nematicide, has some level of control on SCN but is a restricted use nematicide 

in Midwest region (Grabau, 2013). Its efficacy, however, is not consistent in different 

states (Niblack, 1992; Noel, 1987; Rotundo et al. 2010; Smith et al. 1991). Telone C-35 is 

another multi-purpose liquid fumigant and nematicide developed by Dow AgroSciences 

having chloropicrin as an active ingredient reported to control all types of nematodes 

including SCN and soil-borne pathogens. In a research study in Iowa, Telone 15 was 

found to enhance soybean yield by 10% while reducing SCN egg population by 42% (De 

Bruin and Pedersen, 2008). However, the chemical product is federally restricted-use 

pesticide and is not registered for sale and use in all states (Dow AgroSciences, 2018).  
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In another study, benzyl isothiocyanate prepared in 1% methanol was effective in 

reducing juvenile movement, SCN egg hatching, and reproduction (Wu et al. 2014). 

Though isothiocyanates have immense potential in crop protection, its biological effects 

are not well known but these compounds have been the focus of attention for many 

researchers (Brown and Morra, 1997). ILeVO® is another nematicidal seed treatment 

developed by Bayer Crop Science, which is based on Fluropyram and is reported to 

possess direct impact on SCN in seed zone along with a season-long reduction in 

nematode numbers in the field (Bender, 2017). ILeVO® is recommended to be applied 

with Poncho/VOTiVO for triple action protection. Avicta (actinomycetes derived 

product) developed by Bayern Crop Sciences was found to provide yield benefits when 

coupled with Aeris (a neonicotinoid insecticide) but was not found to reduce SCN 

population (Frye, 2009).  

 

Among different commonly used herbicides, Blazer (Acifluorfen) was reported to 

suppress hatching of SCN eggs (Wong et al. 1993). Among different fungicides tested for 

the effect on SCN, Cleary 163336F was reported to suppress SCN significantly (Faghihi 

et al. 2007). Although chemical nematicides are effective in controlling the nematode to a 

certain extent, they also pose a serious threat to the environment and are restricted or fail 

to make it to market. Application of chemical compounds for control of SCN is not eco-

friendly as they pose threats to the handlers and have the potential to affect aquatic 

organisms. Besides, chemical nematicides are not economical when considered for SCN 

management because of their high market prices and the high cost of application 

(Matthiessen and Kirkegaard, 2006; Oka, 2010). 
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1.5.7. Plant extracts  

Several nematicide fumigants and nematicides were banned due to their harmful effect on 

the environment and human health (Rich et al. 2004). This has led to developing and 

testing different types of organic compounds and organic amendments for nematode 

control (Rodriguez-Kabana, 1986).  Many plant extracts have been tested and found to be 

effective for managing SCN and other nematodes along with isolation of nematicidal 

compounds from them (Gommers and Bakker, 1988; Chitwood, 2002). Leaf extracts, oil 

cakes and kernel oils from Neem (Azadirachta indica) were tested for their nematicidal 

activity (Silva et al. 2008; Mojumder and Mittal, 2003; Akhtar, 2000). Nematicidal 

compounds such as limonoids, azadirachtin, nimbin, salanin and many others were 

identified (Devkumar et al. 1985; Akhtar, 2000). In a recent study, 120 µg/ml leaf extract 

from neem was found to reduce egg hatching of SCN by about 72%, caused 100% 

juvenile mortality within 84 hours of treatment, and reduced cyst development in 

susceptible soybean cultivar, Wiliam-82 by 83% (Hassan et al. 2013). Many plants 

species of Asteraceae family like Tagetes, Artemisia spp., Chrysanthemum spp., 

Gaillardia spp., Inula viscosa, and Rudbeckia hirta were studied for their nematicidal 

activity (Gommers an Bakker, 1988; Timchenko and Maiko, 1989; Dias et al. 2000; 

Ploeg, 2000; Debprasad et al. 2000; Natarajan et al. 2006; Bar-Eyal et al. 2006). 

However, no information regarding testing of plant extracts from these species have been 

reported on SCN.  

 

Glucosinolates are one of the main compounds secreted by most of the plant species from 

the Brassicaceae. These chemicals hydrolyze to release compounds such as 
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isothiocyanates, thiocyanates, nitriles, and oxazolidine-2-thiones (Matthiessen and 

Kirkgaard, 2006; Mumm et al. 2008; Oka, 2010). Many attempts have incorporated 

rapeseed (Brassica napus) and Indian mustard (Brassica juncea) for nematode 

management worldwide (Mojtahedi et al. 1991, 1993; Walker and Morey, 1999; Ploeg 

and Stapleton, 2001; Stirling and Stirling, 2003; Zasada and Ferris, 2004; Rahman and 

Somer, 2005). However, only Chinese cabbage (Brassica chinensis) from the 

Brassicaceae family has been studied to test its activity against SCN. The Chinese 

cabbage leaf extract at 120 µg/ml was found to reduce egg hatching of SCN by around 

63%, caused 68% juveniles mortality at 84 hours of treatment and reduced cyst 

development in susceptible soybean cultivar, Wiliam-82 by 66% (Hassan et al. 2013). 

Thus, numerous plant-derived extracts and compounds have been found to exhibit 

efficacy against different plant-parasitic nematodes (Bones and Rossiter, 2006; Kabeh 

and Jalingo, 2007; Elbadri et al. 2009; Khan et al. 2009; Sultana et al. 2011; Hassan et al. 

2013) but their field effectiveness is yet to be determined.   

 

 

1.5.8. Biotechnology 

Novel sources of SCN resistance deployed through molecular mechanisms or through 

plant breeding expands the genetic basis of SCN resistance. Biotechnological tools such 

as RNAi gene silencing and effector proteins mechanism are being tested for SCN 

management. RNAi induced suppression of genes associated with physiological functions 

of SCN can be useful in gene expression studies on feeding sites (Li et al. 2011). 

Similarly, silencing or overexpression of genes associated with the SCN pathogenesis has 
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shown a great potential for engineering resistance against SCN. For instance, silencing of 

aldolase gene of SCN was found to reduce the number of SCN cysts (Youssef et al. 2013) 

and eighteen virus-induced gene silencing based on Bean pod mottle virus (BPMV) was 

used in the functional analysis of genes involved in SCN resistance (Kandoth et al. 2013). 

It had also been reported that the resistance against SCN was enhanced in soybean by 

silencing putative CLE (CLAVATA3/EMBRYO SURROUNDING REGION) receptors 

emphasizing the novel means of engineering resistance in soybeans (Guo et al. 2015). 

The same research group also discovered that the silencing of cytokinin synthesizing 

isopentenyl transferase gene in cyst nematode caused a significant reduction in virulence 

which further demonstrated the ability of cyst nematode to synthesize a plant hormone in 

order to control the host system for prolonged parasitic activity (Siddique et al. 2015). On 

the other hand, overexpression of candidate gene, salicylic acid methyl transferase 

(SAMT) which promotes the formation of methyl salicylate from salicylic acid was found 

to confer resistance against SCN (Lin et al. 2013).  

 

Recently, SCN research community has been focused on the parasitism mechanism 

influenced by effector proteins where more than 80 H. glycines effector proteins have 

already been documented (Gao et al. 2001, Gao et al. 2003; Wang et al. 2003; Noon et al. 

2015). Effector protein with N terminal secretion signal peptides were found to be 

released in the plant via mouth spear (Mitchum et al. 2013) and play an important role in 

suppression or activation of plant innate immunity (Hewezi and Baum, 2013; Mitchum et 

al. 2013; Goverse and Smant, 2014; Hewezi, 2015). HgGLAND18 effector protein was 

reported to suppress plant innate immunity and thus was responsible for pathogenicity 
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obtained from the compatible interactions with the soybean plant (Baum et al. 2016). 

Signal transduction study from Arabidopsis thaliana showed that the cyst nematode 

parasitism may require suppression of salicylic acid signaling in the roots (Wubben et al. 

2008). Time course RNA gel blot analysis revealed that Arabidopsis homologs gene at 

17.1 was found to be closely associated with cyst nematode parasitism of plants (Baum et 

al. 2004). A gene expression study revealed that the active ethylene-signaling pathway 

reduced the vulnerability of soybean roots by SCN and the authors concluded that there 

are important roles for ethylene pathways during pathogenicity at early and later parasitic 

stages (Li et al. 2017). Even though several molecular mechanisms governing resistance 

of soybean and pathogenesis have been discovered, there is still a lot of complexity yet to 

be resolved. However, molecular tools possesses immense potential for SCN 

management through the development of novel SCN resistant soybean cultivars.  

 

 

1.6. Justification of the study   

SCN is an important pathogen of soybean in South Dakota and is ranked number one 

among yield limiting biological factors in soybean production worldwide. It was first 

detected in South Dakota in Union county in 1996 (Smolik and Draper, 1998) and has 

since been found in 30 soybean growing counties (Acharya, 2015). SCN is found to 

primarily infect soybean, however, no studies have been carried out to determine 

alternative weed hosts of SCN in South Dakota and their role in influencing SCN 

reproduction in absence of soybean. Reports from other states suggest that several winter 

annual weeds act as the alternative hosts of SCN posing a significant impact on SCN 
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management in the field (Duncan and Noling, 1998; Thomas et al. 2005). Most 

commonly practiced measures for SCN management are crop rotation coupled with the 

planting of resistant cultivars (Niblack et al. 2003; Faghihi and Ferris, 2006; Niblack, 

2005; Tylka, 2008; Oyekanmi and Fawole, 2010). Crop rotation is one of the ineluctable 

measures to manage SCN (Hartman and Sinclair, 1999) but weed hosts might negate its 

effect supporting reproduction of SCN and thus reducing the effectiveness of crop 

rotation (Poromarto et al. 2015). Weeds such as henbit (Lamium amplexicaule), common 

purslane (Portulaca oleracea), purple deadnettle (Lamium purpureum), and field 

pennycress (Thlaspi arvense) have been commonly reported from other states as SCN 

weed hosts. However, there is no information on the weed species that might serve as 

alternative weed hosts of SCN in South Dakota. Furthermore, very little is known about 

the interaction of weed hosts and SCN HG types yet this is important in order to 

determine the role of alternative weed hosts in influencing different HG types in the soil. 

Among all the environmental factors, soil moisture is an important factor impacting SCN 

activity in the field. However, there is a paucity of information on the impact of excessive 

moisture on SCN infectivity and effectiveness of nematicide seed treatment.  

Thus, the objectives of this study were to:  

I. Determine weeds serving as alternative hosts for SCN in South Dakota 

II. Assess the reproduction of most prevalent HG types (HG type 0, 7 and 

2.5.7) on major three SCN weed hosts (field pennycress, henbit, and 

purple deadnettle) 

III. Determine the effects of flooding on SCN infectivity and effectiveness of 

nematicide seed treatments. 
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CHAPTER 2 

 

2. Determination of Alternative Weed Hosts of Soybean Cyst Nematode in South 

Dakota 

 

Abstract  

Soybean cyst nematode (SCN; Heterodera glycines) causes an estimated $1 billion losses 

in revenue annually in the USA and consistently ranks as the most threatening pathogen 

for soybean. Winter annual weeds can further exacerbate the SCN problem by harboring 

SCN in the absence of soybean in the field. These weeds have become widespread in 

recent years due to an increase in conservational tillage practices and the reduction in the 

use of residual herbicides. Identification and evaluation of alternative weed hosts of SCN 

is important to provide effective management strategies against SCN. To determine 

alternative annual winter weed hosts in South Dakota, 670 whole weed samples were 

collected from 48 SCN infected fields from 13 counties during fall 2016 and spring 2017 

comprising 63 weed species. The weed species were soaked in water for 48 hours to 

separate the adhered soil from the roots. The roots were dissected into smaller pieces of 2 

cm length, macerated in a blender at 12,000 rpm and the resulting suspension was passed 

through the series of 250, 150 and 45 µm sieves. Using a dissecting microscope, the 

filtrate was then examined within a counting dish.  

 

Based on the morphological features, SCN juveniles were detected and greenhouse 

confirmation study was conducted for the development of cysts on the weed hosts and the 

female index (FI) were determined. Twelve weeds out of 63 were found to harbor SCN 
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juveniles in the field. Female index (FI) was highest for purple deadnettle (FI=36.3) 

followed by field pennycress (FI=29), common mallow (FI=3.07), Canada thistle 

(FI=1.88), shepherd’s purse (FI=3.08), white clover (FI=1.15) and cocklebur (FI=1.15). 

Field pennycress and purple deadnettle were found to be good hosts of SCN whereas the 

other weed species were poor hosts of SCN in South Dakota. All the weed species 

determined as hosts from this study were similar to the previous studies except common 

mallow, which was weed hosts only in this study.  

 

Keywords: SCN, Heterodera glycines, winter annual weeds, weed hosts, female index, 

reproduction  
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2.1. Introduction 

Soybean cyst nematode (SCN, Heterodera glycines Ichinohe) is a major pest of soybean 

in the soybean growing regions (Niblack et al. 2006, Winter et al. 2006). Among all the 

biological yield-limiting factors, SCN ranks first in the U.S. and has been reported from 

most of the soybean growing states of the USA (Niblack, 2005, Wrather and Koenning, 

2006; Wrather et al. 2010; Tylka and Marett, 2014). Nearly 36% yield losses had been 

reported from 1996 to 2014 from SCN which accounted for $1.2 billion losses per annum 

in the revenue in the United States (Koenning and Wrather, 2009; Nguyen et al. 2016). In 

South Dakota, soybean is the second most important crop after corn and is grown in an 

area of 2.1 million hectares with a total production of 6.9 million metric tons generating 

$2.33 billion revenue (USDA NASS, 2017). SCN has been reported from 30 counties of 

South Dakota and is continuously spreading to other soybean growing counties (Acharya, 

2015) causing estimated revenue loss of 1.9 Metric tons (Mt) annually 

(www.sdsoybean.org). 

 

Soybean and some other legumes are the crop hosts of SCN. However, weeds can also be 

the alternative hosts of SCN in the field and can play a critical role in the development of 

the continuous SCN inoculum in the field (Duncan and Noling, 1998; Thomas et al. 

2005). Generally, winter annual weeds play an important role in harboring SCN (Gibson 

et al. 2005; Nice et al. 2005). Winter annual weeds emerge during fall, overwinter as 

seedlings and then complete their life cycle in the spring. There have been reports of the 

proliferation of winter annual weeds in different states attributed to factors such as 

adoption of conservation tillage practices, increased use of herbicide for the weed 

http://www.sdsoybean.org/
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management and relatively mild winters (Buhler, 1995; Cardina et al. 2002; Thomas et al. 

2004; Wicks et al. 1994; Barnes et al. 2003; Krausz et al. 2003). Resistant cultivars and 

crop rotations with non-host crops are commonly practiced techniques for SCN 

management (Hartman and Sinclair, 1999; Niblack, 2005; Faghihi and Ferris, 2006; 

Tylka, 2008; Okekanmi and Fawole, 2010; Mitchum, 2016). However, a weed host can 

negate the effects of crop rotation (Poromarto et al. 2015) and can continuously support 

SCN population in the field if present. Additionally, because SCN is capable of 

reproducing on the alternative weed hosts, this can possibly influence the HG type 

(Heterodera glycines) by the development of the selection pressure favoring particular 

SCN HG type reproduction, along with possibilities of development of new HG types in 

a long run. This is supported by the fact that many major soybean producing states have 

witnessed changes in the SCN HG types (Mitchum et al. 2007; Niblack et al. 2008; 

MacGuidwin, 2012; Hershman et al. 2008; Zheng and Chen, 2011; Acharya et al. 2017b). 

Hence, weed hosts complicate SCN management by reducing the effectiveness of other 

management measures.  

 

Several studies have been conducted to evaluate the status of weeds as alternative hosts, 

which is important in devising long-term SCN and weed management strategies. 

However, identification of alternative weed host species is complicated due to complexity 

in the weed host species, the development of different HG types of SCN in response to 

the localized environment, and selection pressures associated with the production 

practices (Koskinen and McWhorter, 1986; Riggs, 1987; Riggs and Schmitt, 1988).  

Although considerable genetic variability exists within single weed species and the SCN 
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types (Radosevich et al. 1997; Niblack, 1992), very few research studies have included 

weed genetic variations, weed HG types preferences and weed field variations in the 

weed host research. Riggs and Hamblen, 1962 conducted a first detailed study on the 

alternative weed host of SCN where 146 weed species were listed as hosts from the 

collection of 286 weed species from 22 families based on their ability to form at least 1 

cyst (Riggs et al. 1992; Riggs and Hamblen 1966a, 1966b). 

 

Sixty-six weed species belonging to nine plant families were reported to be the hosts of 

the soybean cyst nematode. The nine plant families found to be SCN hosts were 

Capparidaceae, Caryophyllaceae, Cruciferae, Geraniaceae, Labiatae, Leguminosae, 

Phytolaccaceae, Portulacaceae, and Scrophulariaceae. Species classified in the family 

Leguminosae were the most numerous, followed by Scrophulariaceae Furthermore, the 

plant species were divided as plants not penetrated by SCN, plants penetrated but no SCN 

development occurred, plants penetrated where slight SCN development occurred and 

plant penetrated and SCN development occurred to the maturity (Riggs, 1987). Only 

plants penetrated and where SCN development occurred to the maturity are considered 

hosts of SCN. In a recent study, 51 weed species from the Northern Great Plains were 

evaluated for their host/ nonhost status where cysts formed on 31 weed species but only 

henbit and field pennycress allowed significant cyst development (Poromarto et al. 2015). 

However, SCN weed hosts may depends on the types of HG type present in the field and 

also on the weed biotype which needs further research.  
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Environmental factors play important roles in the development of SCN on the winter 

annual weeds. Though SCN can hatch, penetrate roots and develop into mature cysts over 

a wide range of temperatures, the rate of SCN growth and development is highly 

temperature dependent (Creech et al. 2007b). The optimum temperature suitable for the 

proper development of SCN is 25 °C (Alston and Schmitt, 1988). However, the rate 

increases linearly from 15 to 30 °C (Creech et al. 2007b). SCN reproduction has also 

been reported to be higher in autumn than in the spring which may be attributed to a 

favorable environment suitable for the nematode to complete its life cycle. In addition, 

number of J2, J3, and J4 inside the weeds were found to be higher in the spring than in 

the autumn season. This is found to be reasonable as the rate of SCN egg hatch and 

development of J2 declines in the autumn due to a reduction in soil temperature whereas 

increases in the spring soil temperature increases will decrease dormancy (Bonner and 

Schmitt, 1985, Hill and Schmitt, 1989; Ross, 1963). It had also been found that the risk of 

the infection and continuous development of SCN juveniles inside the root of winter 

annual weeds in the spring is the major factor responsible for the development of 

continuous inoculum in the field which ensures that these weeds should be removed from 

the field before planting (Creech et al. 2007a). Thus, it is important to manage these 

winter annual weeds effectively during the autumn to disrupt the SCN life cycle.  

 

Commonly found weed hosts of SCN in different soybean producing states in the United 

States include burclover, alsike clover, crimson clover, scarlet clover, common 

chickweed, mouse-ear chickweed, common mullein, field pennycress, henbit and purple 

deadnettle (Wrather and Mitchum, 2015; Giesler and Wilson, 2011; Tylka, 2012; Noel, 
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2015; Faghihi and Ferris, 2017; Poromarto et al. 2015; Chen, 2012; Niblack, 2013, Mock 

et al. 2007). However, fewer weeds are reported as hosts only in some state and host/ 

non-host status of weeds varies from states to states. For an instance, shepherd’s purse is 

reported as hosts only in Indiana (Faghihi and Ferris, 2017) and Ohio (Niblack, 2013), 

small flower bittercress only in Indiana (Faghihi and Ferris, 2017) and wild mustard in 

Illinois (Mock et al. 2007). This shows that weed host determination in a particular region 

is attributed to several factors such as HG type diversity, weeds distribution, climate and 

soil conditions and farming practices.  

 

Nematode populations obtained from root and soil are useful for weed host evaluation 

studies of the endoparasitic nematode. However, most of the research studies related to 

weed host determination are conducted under controlled condition by infesting the host 

with SCN inoculum and determining the respective female index (percentage of the 

average number of cysts found on the weed species compared to a susceptible soybean 

check). Moreover, it is important to assess whether the weed hosts really follow the 

similar trend in the field as there are several factors which affect the SCN pathogenicity 

such as the differences in HG types, the presence of different species of the nematodes, 

interactions among different soilborne pathogens, and different environmental factors. In 

addition, there had also been contrasting reports of plants species penetrated by SCN 

from multiple locations where cyst development has the varying trend among the same 

weed species (Poromarto et al. 2015). Hence, it is important to address field and 

greenhouse variations and weed hosts complexity in weed hosts determination study.  
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Thus, the objective of this research was to determine the weed hosts of SCN in South 

Dakota through field and greenhouse study and also to determine weed hosts distribution 

in the soybean-producing region of South Dakota.  

 

2.2. Methodology 

2.2.1. Sample collection  

SCN infected fields in 13 different counties of SD were identified from the research study 

conducted by Acharya, 2015. Whole weed samples along with soil from 0- 30 cm depth 

were collected from the infected field using a shovel. Weed species were collected based 

on the abundance of the weed species in each particular field but generally, at least two 

samples for each weed species were collected at each field. Weed samples were collected 

in the fall of 2016 from September to November and in the spring of 2017. A total of 48 

fields were sampled, 11 fields in the fall 2016 and 37 fields during spring 2017. Samples 

were collected in the ziplock bags of 10 by 13 cm size and placed in the cooler with ice 

bags and the coordinates of each field in each county were noted at the entry point. 

Additionally, a gallon of soil sample was collected from every sampled field in zig-zag 

pattern out of which 100 cc of soil was used to confirm the presence of SCN in the 

sampled field.  

 

2.2.2. Sample processing and SCN extraction  

Samples were placed in a bucket filled with water without disturbing the roots. They 

were left for 48 hours to facilitate easy release of soil from the roots. SCN cysts and eggs 

were extracted from the 100 cc of the representative soil sample taken from 10 different 
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parts of each field by soil cores to confirm the presence of SCN in the field following the 

extraction procedure by Faghihi and Ferris, 2000. Roots were separated from the 

individual sampled weed species and stored for further analysis.  

 

2.2.3. Juvenile extraction  

The root of each weed was cut into small pieces (1-2 cm length) and was macerated in a 

blender in 100 ml at 12000 rev/min for 1 minute (EPPO, 2013). The resulting suspension 

was passed through the two set of sieves with 250 µm at the top and 25 µm at the bottom. 

The suspension was collected in 50 ml beaker and then analyzed in a counting slide for 

the presence of juveniles through the dissecting microscope. Based on the morphology of 

the juveniles obtained, nematodes from the Genus Heterodera were identified and 

confirmed.   

 

2.2.4. Greenhouse assay 

Twelve weed species positive for the presence of juvenile from the field sample were 

collected and grown in the greenhouse. The experiment was set up to determine the cyst 

development in previously identified positive weed species from the field study. Weed 

seeds were pre-germinated at the room temperature in the petri-dish in a filter paper. Pre-

germinated seeds of each weed species and susceptible soybean cultivar Williams 82 

were transplanted into individual cone-tainer (3.8 cm diameter and 21 cm height, Stuewe 

and Sons Inc., Tangent OR) filled with sterilized clay-sand mixture (2 parts of sand and 1 

part of clay by volume). The weed species and the susceptible soybean cultivar were 

placed in a 7.6-litre bucket filled with sand and was placed in a water bath in the 
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greenhouse. The water bath was maintained at the temperature of 27-28 °C and at day 

length of 16 hours. Individual cone-tainers were inoculated 3 cm below the soil surface 

with 1ml egg-water solution containing egg density of 2000 eggs per ml through a 

pipette. All the treatments were arranged in completely randomized design with 8 

replications and a susceptible Williams 82 check and were repeated twice.  

 

After 40 days post-inoculation, the cone-tainers were taken out of the bucket, soaked in 

water for 20 min and the treated plant species were gently uprooted and removed. Cysts 

were collected in 210 µm pore sized sieve nested under 710 µm pore sized sieve sprayed 

with a strong stream of water to dislodge the cysts from the roots where the roots were 

weighed and stored at 4°C in 5 by 7.6 cm ziplock bags.   

 

2.2.5. Data analysis 

Field data comprised of the total number of weeds found in each location, weeds 

distribution frequency and the number of juveniles found from each weed species in 

fields sampled. Greenhouse data included the total number of cysts developed on the root 

of the weed species and their respective female index determined relative to the cysts 

formed in the susceptible check.  

 

 

2.3. Results 

2.3.1. Distribution of weed samples  
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A total of 670 whole weed samples were collected from the fields during fall 2016 and 

spring 2017. Canada thistle (Cirsium arvense) was the most abundant with a distribution 

frequency of 69% (33 out of 48) sampled locations (Table 2.1). Common lamb squarters 

(Chenopodium album), field pennycress (Thlaspi arvense), dandelion (Taraxacum 

officinale), white clover (Trifolium repens), field bindweed (Convolvulus arvensis), 

cocklebur (Xanthium strumarium) and kochia (Bassia scoparia) were found in 59%, 

56%, 50%, 46%, 44%, 42%, 42% of the sampled fields respectively, (Table 2.1). Weeds 

such as alfalfa (Medicago sativa), bittercress (Cardamine parviflora), broadleaf plantain 

(Plantago rugelii), chickweed (Stellaria media), field horsetail (Equisteum spp.), moth 

mullein (Verbascum blattaria), musk mallow (Malva moschata), purple poppy mallow 

(Callirhoe involucrate), prostrate knotweed (Polygonum aviculare), wild onion (Allium 

ascalonicum), and yellow spine thistle (Cirsium ochrocentrum) were observed once 

among the 48 sampled fields. However, the low abundance of the weed species does 

exclude them from being an alternative host of SCN. 

 

2.3.2. SCN confirmation from the infected field 

Cysts and eggs from each infected field were extracted from the representative 100 cc 

soil sample soil collected which confirmed the presence of SCN in the majority of the 

sampled fields. Only 3 out of 48 fields were not infected with SCN. SCN populations 

ranged from 700 to 100,000 per 100 cc soil sample suggesting highly variable SCN 

distribution in the infected fields in South Dakota (Table 2.2).  
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2.3.3. Juvenile extraction and identification 

Among all the weed species, juveniles were obtained from the field pennycress and white 

clover in the majority of the fields (50% and 24% respectively). In addition, juveniles 

were obtained from cocklebur, leafy spurge and Canada thistle from more than five 

fields. Juveniles were also obtained from the other weed species such as Venice mallow, 

horseweed, small flower bittercress, shepherd's purse, purple poppy mallow, purple 

deadnettle and common mallow from few fields (Figure 2.1).   

 

2.3.4. Greenhouse confirmation of weed hosts 

Cyst development on weed hosts was assessed through the greenhouse confirmation 

experiment from the weeds which were found to be positive for the presence of juveniles 

from the field samples. Field pennycress and purple deadnettle were found to support 

considerable cyst development in the greenhouse with the female index were 29.03 and 

36.31, respectively, and hence considered as strong hosts of SCN. Female indices were 

considerably lower for Canada thistle (FI=1.88), common mallow (FI=3.07), shepherd’s 

purse (FI=3.08), cocklebur (FI=1.15) and white clover (FI=1.15) which showed that these 

weeds hosts supported SCN development poorly and thus can be considered as the poor 

hosts of SCN in South Dakota. However, horseweed, Venice mallow, and leafy spurge 

did not support cyst development in the greenhouse while small flowered bittercress was 

not tested in the greenhouse due to unavailability of seeds.  
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2.4. Discussion 

The results from this study suggest that there are few winter annual weed hosts species 

which support SCN cyst development in South Dakota. Although weeds such as field 

pennycress, purple deadnettle, common mallow, shepherd’s purse, white clover, 

cocklebur and Canada thistle supported SCN cyst development in the greenhouse, there 

was variation in the number of cyst that developed for each of these weed species. 

Results from this research study also showed that field pennycress and purple deadnettle 

supported SCN development significantly in the field and the greenhouse suggesting 

these weed species to be the good hosts of SCN in South Dakota.  

 

In this study, 38 commonly found weed species in the soybean fields in South Dakota 

were assessed as hosts of SCN in the field and the greenhouse. Out of these, only 12 

weed species were found to harbor juveniles in their roots from the field samples. This is 

supported by the previous findings which have shown that the SCN presence in the field 

conditions is highly variable because of different environmental factors such as soil 

temperature, soil texture, soil pH, number of inoculum, seasons, weed density and 

abundance (Wallace, 1955; Slack and Hamblen, 1961; Clarke et al. 1978; Tefft et al. 

1982; Hillel, 2004; Tefft et al. 1982; Mock et al. 2007). Additionally, most of the 

research studies conducted to determine the weed hosts were limited to the greenhouse as 

it is extremely difficult to control all the variables in field conditions. However, this study 

investigated weed hosts supporting SCN in the field conditions as well as the greenhouse 

conditions.  
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Greenhouse studies for determining alternative weed hosts species of SCN in different 

states showed varying results. In a research study conducted by Wong and Tylka (1994), 

cocklebur and Canada thistle were found to be the non-hosts of SCN in Iowa. Similarly, 

Venkatesh et al. (2000) determined shepherd’s purse, field pennycress, henbit and purple 

deadnettle as the hosts of SCN in Ohio. Similarly, purple deadnettle was determined to be 

an alternative weed host of SCN in Nebraska (Werle et al. 2015; Werle, 2012) and in 

Indiana (Creech et al. 2007a). In a recent study, 31 weed species were determined to 

support SCN development out of which only henbit and field pennycress allowed 

substantial reproduction while similar SCN development was determined for shepherd’s 

purse, Canada thistle, horseweed, Venice mallow, henbit, leafy spurge and field 

pennycress (Poromarto et al. 2015). In our study, common mallow was the weed species 

to support SCN development that has not been reported in other studies.  

 

This study confirmed 7 weed species that supported SCN cyst growth in the greenhouse 

and the field conditions. This suggests that the weed species which support juveniles and 

cyst development fall in the host range as determined previously from the study by Riggs 

et al. (1987). Interestingly, all the weed species except purple deadnettle and field 

pennycress did not have cysts in all the replicates in the greenhouse. This indicates that 

some biotype may be present within a weed species which may not support cyst 

development while others are able to support cyst development (Poromarto et al. 2015). 

Weeds such as purple poppy mallow, horseweed, Venice mallow and leafy spurge failed 

to support cyst growth in the greenhouse conditions. This might be due to fact that these 

species only allow penetration and juvenile development but do not allow completion of 
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the cyst development which was also reported by Riggs   (1987). Surprisingly, white 

clover was found with SCN juveniles from the field samples but never developed cysts 

under greenhouse conditions. This could indicate that this weed species may act as a trap 

crop.  

 

Although most of the SCN management practices followed by the soybean growers in 

South Dakota are based on non-host crop rotation and host resistance, growers should 

also be aware of the weed hosts and their abundance to implement effective management 

practices. The greenhouse confirmation study suggests that field pennycress is an 

important SCN weed host from the SCN management point of view as it can support 

SCN reproduction. The abundance of field pennycress in the soybean growing fields in 

South Dakota further indicate its importance as abundant alternative SCN weed host. 

This research findings suggest that the weed hosts determined to be SCN hosts should be 

proactively managed as a part of effective SCN management strategies.  
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Table 2.1. Distribution frequency (%) of different weed species sampled from previously 

soybean cyst nematode positive fields during fall 2016 and spring 2018. (Total number of 

fields = 48) 

 

Weed species Scientific names Frequency (%) 

Canada thistle Cirsium arvense 69.4 

Common lambsquarters Chenopodium album 58.9 

Field pennycress Thlaspi arvense 56.8 

Dandelion Taraxacum officinale 50.5 

White clover Trifolium repens 46.3 

Field bindweed Convolvulus arvensis 44.2 

Cocklebur Xanthium strumarium 42.1 

Kochia Kochia scoparia 42.1 

Horseweed Conyza Canadensis 37.9 

Rumex Rumex crispus 37.9 

Knotweed Polygonum aviculare 35.8 

Ragweed Ambrosia artemisifolia 35.8 

Milkweed Asclepias syriaca 33.7 

Shepherd’s purse Capsella bursa-pastoris 31.6 

Flixweed Descurainia sophia 29.5 

Velvetleaf Abutilon theophrasti 27.4 

Giant ragweed Ambrosia trifida 25.2 

Waterpod Hydrolea quadrivalvis 25.2 
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Wild lettuce Lactuca virosa 25.2 

Catnip Nepeta cataria 23.1 

Leafy spurge Euphorbia esula 23.1 

Water hemp Amaranthus tuberculatus 23.1 

Common mallow Malva neglecta 21.0 

Marijuana Cannabis indica 21.0 

Purslane speedwell Veronica peregrina 21.0 

Silvery cinquefoil Potentilla argentea 18.9 

Alsike Clover Trifolium hybridum 16.8 

Russian thistle Salsola spp. 16.8 

Catchweed Galium aparine 16.8 

Buffalobur Solanum rostratum 14.7 

Stinging nettle Urtica dioica 14.7 

Burdock Arctium lappa 14.7 

Common groundsel Senecio vulgaris 12.6 

Spiny thistle Sonchus asper 12.6 

Venice mallow Hibiscus trionum 12.6 

Wild rose Rosa acicularis 12.6 

Black mustard Brassica nigra 10.5 

Motherwort Leonurus cardiaca 10.5 

Wild mustard Sinapis arvensis 10.5 

Pigweed Amaranthus retroflexus 8.4 

Blue violet Viola sororia 8.4 
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Indian mustard Brassica juncea 8.4 

Red clover Trifolium pratense 8.4 

Smartweed Polygonum pensylvanicum 8.4 

Wormweed Artemisia absinthium 8.4 

Pinneaple weed Matricaria discoidea 6.3 

Plantain Plantago major 6.3 

Wild garlic Allium vinale 6.3 

Hedge bindweed Calystegia sepium 4.2 

Horsetail Equisetum arvense 4.2 

Woolyleaf bursage Ambrosia eriocentra 4.2 

Purple deadnettle Lamium purpureum 2.1 

Alfalfa Medicago sativa 2.1 

Bittercress Cardamine parviflora 2.1 

Blackseed plantain Plantago rugelii 2.1 

Chickweed Stellaria media 2.1 

Field horsetail Equisetum spp. 2.1 

Moth mullein Verbascum blattaria 2.1 

Musk mallow Malva moschata 2.1 

Purple poppy mallow Callirhoe involucrata 2.1 

Prostrate knotweed Polygonum aviculare 2.1 

Wild onion Allium ascalonicum 2.1 

Yellowspine thistle Cirsium ochrocentrum 2.1 
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Table 2.2. Soybean cyst nematode (SCN) population density (expressed in eggs per 100 

cc of soil samples) obtained from the  soil samples sampled counties previously 

confirmed to have SCN in South Dakota in fall 2016 and spring 2017 

Field 

Sampled 

County SCN eggs/ 100 cc soil 

1 Turner 8500 

2 Turner 5900 

3 Turner 100000 

4 Turner 4600 

5 Lincoln 7000 

6 Lincoln 2900 

7 Brookings 2600 

8 Brookings 2400 

9 Brookings 2200 

10 Brookings 2500 

11 Brookings 2500 

12 Brookings 2200 

13 Turner 2600 

14 Turner 1200 

15 Lincoln 3400 

16 Lincoln 2900 

17 Clay 1500 
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18 Clay 1900 

19 Clay 1900 

20 Turner 2700 

21 Deuel 1600 

22 Hamlin 1400 

23 Brookings 2500 

24 Hamlin 1600 

25 Turner 2900 

26 Bon Homme 3300 

27 Bon Homme - 

28 Bon Homme 2500 

29 Bon Homme 1800 

30 Bon Homme 1900 

31 Hutchinson 900 

32 Hutchinson 1600 

33 Hutchinson 2700 

34 Hanson 1200 

35 Hanson 2300 

36 Hanson 1500 

37 McCook 2600 

38 Minnehaha 1800 

39 Minnehaha - 

40 Roberts - 
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41 Roberts 1500 

42 Roberts 2500 

43 Grant 700 

44 Turner 4000 

45 Turner 6700 

46 Brookings 11500 

47 Brookings 3500 

48 Brookings 5800 
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Table 2.3. Average number of soybean cyst nematode cysts formed on weed roots after 

inoculation with SCN eggs and the respective female index for weed samples in the 

greenhouse SCN host confirmation experiment 

 

Weed Species Number of fields 

found  

Average number 

of cysts 

Female Index 

(%) 

Field Pennycress 27/48 9 29.03 

Cocklebur 20/48 0.375 1.15 

Common Mallow 10/48 0.875 3.07 

Canada Thistle 33/48 0.5 1.88 

Purple Deadnettle 1/48 10.71 36.31 

Shepherd’s Purse 15/48 1.25 3.08 

White Clover 22/48 0.375 1.15 
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Figure 2.1. Number of juveniles obtained from the roots of each weed species after 

maceration. Weeds were sampled from the previously SCN positive soybean fields 

 

FP: Field pennycress; CM: Common mallow; CB: Cocklebur; PPM: Purple poppy 

mallow; PD: Purple deadnettle; CT: Canada thistle; VM: Venice mallow; HW: 

Horseweed; SFBC: Small-flowered bittercress; LS: Leafy spurge; WC: White clover;  

SP: Shepherd’s purse  
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CHAPTER 3 

 

3. Reproduction of Heterodera glycines Types on Field Pennycress, Henbit and 

Purple Deadnettle in South Dakota 

 

Abstract 

The soybean cyst nematode (SCN; Heterodera glycines, Ichinohe) is an important 

pathogen of soybean in South Dakota causing significant yield losses. SCN has been 

found in 30 South Dakota counties as on 2017 and is estimated to cause yield loss of 1.9 

Metric tons (Mt) annually. The presence of Heterodera glycines (HG) types can limit the 

performance of SCN-resistant cultivars, moreover, HG types reproduction on weed hosts 

can negate the effectiveness of crop rotation by a continued build-up in the field. This 

study was conducted to determine the reproduction of three commonly found HG types 0, 

2.5.7, and 7 on three major weed hosts of SCN: purple deadnettle, field pennycress, and 

henbit compared to a susceptible check, Williams-82, under greenhouse conditions. Two 

ml suspension of eggs and juveniles having egg density of approximately 2000 eggs per 

ml of each HG type were inoculated to each weed species and the plants were kept in a 

water-bath at 27-28 °C. SCN reproduction was found to be influenced by the type of 

weed species, HG types and their interaction. SCN reproduction was highest for HG type 

2.5.7 (FI = 6.4) followed by HG type 7 (FI = 6.1) and HG type 0 (FI = 5.9). Similarly, 

among weed species, henbit (Lamium amplexicaule) was found to harbor highest SCN 

cysts (FI = 7.1) followed by purple deadnettle (Laminum purpureum) (FI = 6.9) and field 

pennycress (Thalpsi arvense) (FI = 4.8). The number of cysts that developed on purple 

deadnettle and henbit was statistically similar whereas the field pennycress had relatively 
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lower cyst numbers. These results indicate that all the three weeds differentially support 

HG types development in South Dakota and hence these weeds should be managed 

proactively as an important component of SCN management strategies. 

 

Keywords: Heterodera glycines, HG types, SCN, winter annual weeds, SCN weed hosts, 

female index, management, reproduction 
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3.1. Introduction 

Soybean [Glycine max (L.) Merr.] is second most important crop in terms of acreage and 

production in the United States (NASS ERS, 2017). In South Dakota, soybean is grown 

in over 2.1 million hectares producing 6.9 million metric tons and fetching over $2 billion 

(USDA NASS, 2017). Several biotic and abiotic constraints affect soybean production in 

the United States (Hartman et al. 2011; Nguyen et al. 2016). However, among all the 

biological constraints, soybean cyst nematode (SCN; Heterodera glycines, Ichinohe) is 

the most important yield-limiting factor (Niblack, 2005; Wrather and Koenning, 2006; 

Wrather, 2009). Soybean cyst nematode has been reported in 30 main soybean producing 

counties in South Dakota (Acharya, 2015) causing yield loss estimated at 1.9 Metric tons 

(Mt) annually (www.sdsoybean.org). 

 

Soybean cyst nematode is an obligate and sedentary endoparasitic cyst forming nematode 

which causes chlorosis, stunting, premature defoliation, root damage and generally a 

yield reduction of 10-20 % (Niblack et al. 2006; Winter et al. 2006). SCN occurs 

throughout the soybean production areas of the United States (Niblack, 2005; Wrather 

and Koening, 2006, Tylka and Marret, 2014, Wrather et al. 2010) except West Virginia. 

Average yield loss of around $1.2 billion is estimated annually in the United States 

(Koenning and Wrather, 2009) which makes it the most devastating pathogen of soybean. 

 

Resistant soybean cultivars and crop rotation with non-host crops are the commonly 

practiced measures for SCN management (Hartman and Sinclair, 1999; Niblack, 2005; 

Faghihi and Ferris, 2006; Mitchum, 2016). Crop rotation with the non-host crops has 

http://www.sdsoybean.org/
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been found to reduce SCN population by 55% (Faghihi, 2012). However, weed hosts can 

negate the effects of crop rotation (Poromarto et al. 2015). Winter annual weeds play an 

important role in the biology of the plant parasitic nematodes (Norton, 1978) as they can 

serve as alternative hosts of SCN facilitating them to continue their life cycle even in the 

absence of the major host, soybean (Duncan and Noling, 1998; Thomas et al. 2005). 

 

Although several research studies have reported that winter annual weed species may be 

alternative weed hosts of soybean cyst nematode, the most commonly known weed 

species determined to be alternative weed hosts of SCN are purple deadnettle (Lamium 

purpureum L.) (Riggs and Hamblen, 1962; Creech et al. 2005; Creech and Johnson, 

2006; Werle et al. 2015; Poromarto et al. 2015), henbit (Lamium amplexicaule L.) (Epps 

et al. 1958; Riggs et al. 1962; Creech and Johnson, 2006; Creech et al. 2007b; Werle et 

al. 2015; Poromarto et al. 2015) and field pennycress (Thalpsi arvense L.) (Venkatesh et 

al. 2000; Creech et al. 2005; Creech et al. 2007a; Poromarto et al. 2015). 

 

The HG type of SCN population is an important factor that indicates the level of 

reproduction on a given SCN resistant soybean. However, there is a paucity of 

information regarding the reproduction of SCN population (HG) types on common weed 

hosts. Previous studies only tested the reproduction of race 3 or HG type 0 (Venkatesh et 

al. 2000; Poromarto et al. 2015) which does not take into account the diversity of SCN 

population types present in the field. Different states with a long history of use of 

resistant cultivars like Iowa and Missouri have been shown to possess greater diversity in 

virulence of SCN populations linked to selection pressure (Niblack et al. 2002; Niblack et 
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al. 2008). Thus, it is important to determine the reproduction of HG types on major 

alternative weed hosts found in the region to understand and devise effective 

management strategies for the SCN type. 

 

The objective of this study was to determine the reproduction of three prevalent HG types 

of SCN in South Dakota, HG type 0, 2.5.7, and 7 on three major weed hosts: purple 

deadnettle, field pennycress and henbit under greenhouse conditions. This information 

would elucidate the roles of alternative weed hosts in influencing HG type diversity. 

 

3.2. Materials and methods 

 

3.2.1. Source of inoculum 

Three HG types prevalent in South Dakota, i.e. 0, 2.5.7 and 7 (Acharya, 2015), were used 

in this study. The HG types were obtained from soybean fields in South Dakota and were 

increased in the greenhouse by inoculating susceptible cultivar Williams 82. Cysts from 

roots of Williams 82 were processed following the SCN eggs extraction procedure by 

Faghihi and Ferris (2000). 

 

3.2.2. Weed source 

Seeds of field pennycress were collected from different locations in South Dakota and 

were bulked and stored at 4°C until planting. Henbit seeds were obtained from 

collections by Dr. Rodrigo Werle from the University of Nebraska Lincoln and the purple 
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deadnettle seeds were obtained from the field collection of Dr. Bruce A. Ackley from The 

Ohio State University. 

 

3.2.3. Experiment set up 

Pre-germinated seeds of each weed species and a susceptible cultivar Williams 82 were 

transplanted into individual cone-tainer (3.8 cm diameter and 21 cm height, Stuewe and 

Sons Inc., Tangent OR) filled with sterilized soil mixture (2 parts of sand and 1 part of 

soil by volume). A replicate (one bucket) contained each of three weed species (single 

plant in a cone) and the susceptible soybean check treated inoculated with each of the 

three HG types placed in 18.9-litre bucket filled with sand. SCN inoculum was prepared 

from the three HG types cysts maintained on susceptible soybean cultivar in the 

greenhouse.  Cysts of the three HG types were individually crushed to a solution 

containing approximately 2000 eggs per ml. The cone-tainers were inoculated with 2 ml 

of the egg solution 3 cm below the soil surface. All the treatments were arranged in a 

completely randomized design with 6 replications and the experiments were repeated 

once. The buckets were then placed in a water bath that was maintained at the 

temperature of 27-28 °C and daylight length of 16 hours. After 35 days, the plants in 

cone-tainers were taken out from the bucket, soaked in water for 20 min and the plants 

were gently uprooted and washed to collect cysts. Cysts were collected in 210 µM pore 

sized sieve nested under 710 µM pore sized sprayed with a strong stream of water to 

dislodge them from the roots. The number of cysts on weed species and the susceptible 

check Williams-82 was to calculate the female index (FI) using the formula: 

 



57 

 

 

Female Index (FI) = 
Average number of cysts found on the Weed species

Average number of cysts found on the  susceptible check
 * 100 

 

Six cysts from each replication of individual treatment were randomly selected using a 

2ml plastic transfer pipette which were placed on a glass slide in a drop of water and 

burst with the help of a teasing needle. Eggs from each cyst were counted using a 

hemocytometer under the inverted microscope.   

 

3.2.4. Data analysis 

Number of cysts that developed on the root, female index, number of cysts per gram root 

weight and number of eggs per cyst were analyzed with R studio version 3.4.3 (The R 

Foundation for Statistical Computing Platform). An average number of cysts and the 

female index were determined from 6 replications and a repetition pooled after Bartlett’s 

homogeneity test. Analysis of variance was used to test interactions and the main effect 

of the HG types on the weed species. Duncan’s multiple range test for multiple pairwise 

comparisons was used to separate means at P ≤ 0.05 using R package “Agricolae” 

through R studio version 3.4.3. 

 

3.3. Results 

3.3.1. SCN Reproduction 

The total number of cysts formed varied among the three weeds species and across the 

HG types (Table 3.1, 3.2, 3.3). Among HG types, HG type 0 2.5.7 had the highest 

reproduction (Cysts = 11.8) whereas HG type 0 had lowest reproduction (Cysts = 9.7). 

HG type 7 had statistically similar cyst formation (Cysts = 9.8) as that of HG type 0.   
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Among weed species, henbit supported the highest reproduction (Cysts = 11.8) followed 

by purple deadnettle (Cysts = 11.4) across all the HG types whereas field pennycress 

(Cysts = 9.6) were found to support statistically similar cyst reproduction across all the 

HG types (Table 3.2). All three HG types reproduced statistically higher on henbit and 

purple deadnettle, and lower on field pennycress. Interaction effect was significant 

between HG types and weed species where cyst reproduction was observed to be highest 

for HG type 2.5.7 followed by 7 and 0. Among weed species, henbit was observed to 

have higher cyst number followed by purple deadnettle and field pennycress. However, in 

purple deadnettle, HG 0 had numerically slightly higher reproduction on than the other 

HG types.  

 

 

3.3.2 Female Index 

The female index for all HG types on field pennycress, henbit and purple deadnettle 

varied significantly. HG type 2.5.7 had the highest female index (FI = 6.4) on three weed 

species. HG type 7 (FI = 6.1) and HG type 0 (FI = 5.9) had statistically similar female 

index on all the three weed species (Table 3.5).  

 

Among the weed species, henbit had the highest female index (FI = 7.1) which insinuates 

that it supports highest cyst reproduction when inoculated with all the HG types. 

Meanwhile, purple deadnettle (FI = 6.9) and field pennycress (FI = 4.8) had statistically 

lower female index than henbit (Table 3.4).  
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3.3.3. Cysts per gram root weight 

Total number of cyst per gram root weight were determined from cysts formed on weed 

species per unit root weight. HG types and the weed species had significant impact on the 

cyst per gram root weight which varied across all the treatments. HG type 2.5.7 had the 

highest cyst per gram root weight (cyst/gram root weight = 21.7). HG type 7 (cyst/gram 

root weight = 16.5) and HG type 0 (cyst/gram root weight = 18.3) (Table 3.6).  

 

Similarly, among weed species, henbit (cyst/gram root weight = 23.6) had highest cyst 

per gram root weight followed by purple deadnettle (cyst/gram root weight = 20.4) and 

field pennycress (cyst/gram root weight = 12.5) which indicates that henbit and purple 

deadnettle had ability to support more cyst per gram root weight than field pennycress 

(Table 3.7).   

 

3.3.4. Eggs count per cyst 

The number of eggs in cysts on all the three weeds species varied significantly vary 

among HG types. An average number of eggs contained in cyst among different 

treatments ranged from 294 to 397 (Table 3.8). Meanwhile, eggs count per cyst was 

found to be statistically similar on each weed species for all the HG types.  

 

3.4. Discussion 

The knowledge of reproduction of HG types on weed hosts is important to determine 

whether a weed host significantly supports certain HG types in a particular region.  

Furthermore, it can also help to determine whether a weed species can cause a selection 
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pressure in SCN over a particular region (Poromarto et al. 2015). This knowledge can 

motivate the soybean growers for the proper management of particular weed species that 

facilitate continuous development of SCN inoculum in the field. The results suggested 

that all the three weeds studied supported cyst development. 

 

The number of cysts on the field pennycress, henbit, and purple deadnettle followed a 

similar pattern as the susceptible check cultivar Williams-82 where HG type 2.5.7 had 

significant reproduction than HG type 0 and 7. In addition, HG type 0 had less SCN 

reproduction in both susceptible soybean check and weed species which might be 

attributed to HG type 0 being less aggressive than HG type 2.5.7 and 7. Cyst 

development on weeds also revealed that HG type 7 is less aggressive than HG type 2.5.7 

for the three weed species tested. The results also suggested that the purple deadnettle 

and henbit had a similar tendency to support SCN growth whereas field pennycress was 

had a lesser number of cysts when compared to the purple deadnettle and henbit. This 

might be due to the fact that purple deadnettle and henbit belongs to the same family 

Lamiaceae (mint family) whereas field pennycress belongs to the family Brassicaceae 

(mustard family). However, all the three weed species were determined to be good hosts 

of SCN in South Dakota.  

 

The results from HG type reproduction on weeds are consistent with the research studies 

conducted by Venkatesh et al. (2000) and Poromarto et al. (2015). Cyst formation in field 

pennycress, henbit, and purple deadnettle were 73, 155 and 510 respectively for race 3 in 

a research study conducted by Venkatesh et al. (2000). Similarly, in another research 
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study conducted by Poromarto et al. (2015) for HG type 0, the female index for field 

pennycress and henbit were 34 to 42 and 15.5 to 45.5 respectively. The results from both 

these research reports are comparable with the findings from our findings. Our study also 

showed variation in cyst formations in the treatments among the weed species but the 

variations were not significantly different for each species treated with a particular HG 

type. The difference with the Poromarto et al. (2015) study may be due to the use of weed 

species from multiple collections. However, this research addressed the effect of three 

prominent HG type of SCN in South Dakota on three important major weed hosts. 

 

Although all the HG types varied in the number of SCN reproduction on the weed species 

tested, it is also important to note that the abundance of the weed species in a particular 

field varied in South Dakota (Chapter 2). Since the research was conducted in the 

greenhouse in controlled conditions, there might be some variation in the results under 

the field condition. Previous research studies had also shown that the environmental 

factors play an important role in the development of SCN on the winter annual weeds. 

SCN can hatch, penetrate roots and develop into mature cyst over a wide range of 

temperatures and the rate of SCN growth and development is highly temperature 

dependent (Creech et al. 2007a). Similarly, SCN reproduction is higher in the autumn 

than in the spring periods which may be attributed to favorable environmental conditions 

suitable for the SCN.  

 

Use of a resistant cultivar with the same source of resistance continuously may limit 

some SCN HG type reproduction on such cultivars. However, SCN HG types having the 
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ability to reproduce differentially on the alternative weed hosts in the field can be the 

source of inoculum for the next cropping season. Additionally, SCN capable of 

reproducing on the alternative weed hosts may influence the HG type development 

through exhibiting the selection pressure favoring particular SCN HG type reproduction 

along with possibilities of development of new HG types in a long run. This is supported 

by the fact that many major soybean producing states had witnessed the changes in the 

SCN HG types. The reason is not well known but weed hosts might be a crucial factor. 

Findings from our other research study conducted to determine the weed hosts abundance 

in the field showed that field pennycress is found in more than 50% of the fields sampled 

in soybean growing regions of South Dakota whereas purple deadnettle was found only 

in 4% of the sampled fields (Chapter 2). This shows that field pennycress is the most 

important weed host prominent in the soybean growing regions of the South Dakota 

which is crucial from SCN management point of view. Although HG types reproduction 

varied on field pennycress, it is important to note that the female index was significantly 

higher for all HG types which insinuate that irrespective of HG types of SCN, field 

pennycress should be managed early in the soybean fields in South Dakota for effective 

SCN management. 
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Table 3.1. Effect of weed species on reproduction of Heterodera glycines across the three 

HG type 0, 2.5.7 and 7 under greenhuse conditons.  

 

 

 

 

 

 

 

a Data were transformed using square root transformation before being subjected to              

analysis of variance (ANOVA). The values are pooled mean from 6 replications and two   

repetitions after homogeneity test using Bartlett’s homogeneity test. Values followed by  

the same letter are not significantly different according to least significant difference test 

at P ≤ 0.05.   

 

 

 

 

 

 

 

 

 

Weed species  Mean cysts a  

Henbit  11.8 a 

Purple deadnettle  11.4 a 

Field Pennycress 8.0 b 
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Table 3.2. Reproduction of  HG types 0, 2.5.7 and 7 across three weed species under 

greenhouse conditions 

 

 

 

 

 

 

 

b Data were transformed using square root transformation before being subjected to            

analysis of variance (ANOVA). The values are pooled mean from 6 replications and        

across three weed species (purple deadnettle, henbit and field pennycress) and two           

repetitions after homogeneity test using Bartlett’s homogeneity test. Values followed by   

the same letter are not significantly different according to least significant difference test 

at P ≤ 0.05.   

 

 

 

 

 

 

 

 

HG types Mean cysts b 

2.5.7 11.8 a 

7                      9.8 b 

0 9.7b 
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Table 3.3. Effect of weed species and HG types on reproduction of Heterodera glycines 

under greenhouse conditions  

 

 

 

c Data were transformed using square root transformation before being subjected to            

analysis of variance (ANOVA). The values are pooled mean from 6 replications and 2     

repetitions after homogeneity test using Bartlett’s homogeneity test. Values followed by   

the same letter are not significantly different according to least significant difference test 

at P ≤ 0.05.   

 

Weed species  HG types Mean cysts c 

Henbit  0  10.4 cd 

2.5.7 13.2 a 

7 11.9 abc 

Purple deadnettle  0 11.6 bcd 

2.5.7 12.2 ab 

7 10.5 cd 

Field Pennycress 0 6.9 e 

2.5.7 10.1 d 

7 6.9 e 
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Table 3.4. Effect of  weed species on the female index of field pennycress, henbit and 

purple deadnettle after being inoclulated with HG type 0, 2.5.7 and 7 

 

 

 

 

 

 

 

d Data were transformed using square root transformation before being subjected to            

analysis of variance (ANOVA). The values are pooled mean from 6 replications and 2     

repetitions after homogeneity test using Bartlett’s homogeneity test. Values followed by   

the same letter are not significantly different according to least significant difference test 

at P ≤ 0.05.    

 

 

 

 

 

 

 

 

Weed species Female index d 

Henbit 7.1 a 

Purple deadnettle                      6.9 a 

Field pennycress 4.8 b 
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Table 3.5. Effect of  HG types of Heterodera glycines on the femalee index across field 

pennycress, henbit and purple deadnettle 

 

 

 

 

 

 

 

e Data were transformed using square root transformation before being subjected to            

analysis of variance (ANOVA). The values are pooled mean from 6 replications and 2     

repetitions after homogeneity test using Bartlett’s homogeneity test. Values followed by   

the same letter are not significantly different according to least significant difference test 

at P ≤ 0.05.   

 

 

 

 

 

 

 

 

  

HG types Female index e 

2.5.7 6.4 a 

7                      6.1  b 

 0 5.9 b 
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Table 3.6. Effect of HG types on cyst per gram root weight of field pennycress, henbit 

and purple deadnettle after being inoclulated with HG type 0, 2.5.7 and 7    

 

 

 

 

 

 

 

 

f Data were transformed using square root transformation before being subjected to             

analysis of variance (ANOVA). The values are pooled mean from 6 replications and 2     

repetitions after homogeneity test using Bartlett’s homogeneity test. Values followed by   

the same letter are not significantly different according to least significant difference test 

at P ≤ 0.05.   

 

 

 

 

 

 

 

 

HG types Cyst per gram root weight f 

2.5.7 21.7 a 

7 16.5 b 

 0                  18.3 b 
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Table 3.7. Effect of weed species on cyst per gram root weight of henbit, field pennycress 

and purple deadnettle after being inoclulated with HG type 0, 2.5.7 and 7    

  

 

 

 

 

 

 

g Data were transformed using square root transformation before being subjected to                  

analysis of variance (ANOVA). The values are pooled mean from 6 replications and 2     

repetitions after homogeneity test using Bartlett’s homogeneity test. Values followed by   

the same letter are not significantly different according to least significant difference test 

at P ≤ 0.05.   

 

 

 

 

 

 

 

 

 

 

Weed species Cyst per gram root weight g 

Henbit 23.6 a 

Purple deadnettle 20.4 b 

 Field pennycress                  12.5 c 



71 

 

 

Table 3.8. Number of eggs per cyst on field pennycress, henbit, purple deadnettle and 

susceptible check soybean cultivar after being inoculated with soybean cyst nematode 

HG types 0, 2.5.7 and 7 

 

 

h Values followed by a similar letter are not significantly different according to the least      

significant difference P ≤0.05. The values are the mean of 6 replications   

 

 

 

 

 

 

 

 

 

 

HG  

types 

Eggs count per cyst h 

Soybean  

check  

Purple 

Deadnettle 

Henbit Field  

Pennycress 

0 386.3 a 369.2 ab 394.0  a 293.8 b 

2.5.7 361.3 ab 385.7 a 390.0 a 330.8 ab 

7 339.5 ab 317.2 ab   396.7 a 309.5 ab 
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CHAPTER 4  

 

4. Effect of Flooding on the Reproduction of Soybean Cyst Nematode on Soybean 

 

Abstract 

The soybean cyst nematode (SCN; Heterodera glycines, Ichinohe) is an important soil-

borne pathogen whose survival and infection process is affected by several biotic and 

abiotic factors. Among abiotic factors, soil moisture is one of the crucial factors for SCN 

juvenile movement in the soil hence the infection process. Soil moisture may also affect 

the effectiveness of nematicide seed treatments and physiology of the plant. This study 

was conducted to determine the effects of 2, 4, 6, and 8 days of flooding of soybean 

seedlings on SCN reproduction or both nematicide seed treated (ILeVo nematicide 

treated) and non-treated in the greenhouse. Non-flooded plants were the check. Each 

experimental unit consisted of 10 plants: 5 plants for susceptible treated and susceptible 

untreated which were inoculated with approximately 2000 SCN eggs and were arranged 

in randomized block design. After 5 days of inoculation, the plants were flooded for a 

period of 2, 4, 6, and 8 days which were later kept in a water-bath at 27-28 °C. The 

number of cysts after 35 days post-inoculation was counted, eggs were obtained by 

crushing cysts and dry root weight was taken from each treatment. Flooding days and 

seed treatment affected the number of SCN cysts on the susceptible cultivar. The highest 

number of cysts developed when plants were flooded for 2 days (Cyst = 36) followed by 

treatments flooded for 0, 4, and 6 days. The number of cyst was lowest for the plants 

flooded for 8 days (Cysts = 26). This study also indicated that ILeVO seed treatment 
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lowered SCN reproduction on a SCN susceptible soybean cultivar and promoted root 

development.  

 

Keywords: SCN, Heterodera glycines, resistant, susceptible, flooding, ILeVO seed 

treatment, reproduction 
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4.1. Introduction 

Soybean cyst nematode (SCN, Heterodera glycines Ichinohe) is an important pathogen 

which continuously threatens soybean production all around the globe (Mitchum, 2016). 

Among the soybean yield-limiting factors, SCN is the most important constraint for the 

soybean production (Niblack, 2005; Wrather and Koenning, 2006). SCN is a soil-borne 

pathogen which is affected by several abiotic and biotic factors incumbent on soil status 

of a particular region. Abiotic factors such as soil temperature, soil pore size, soil 

aeration, water content, and pH have been documented to affect the SCN life cycle and 

infection process (Riggs and Wrather, 1992; Heatherly and Young, 1991). However, very 

little is known about the impact of these abiotic factors on SCN.  

 

Soybean is the dominant oilseed which accounts for a significant share of 14% of the 

total harvested irrigated acres in the United States (USDA ERS, 2018). Upper Midwest 

contributes more than 80% of the US total soybean acreage where non-irrigated soybean 

production is comparably abundant than the irrigated ones. Though there is an increasing 

trend of soybean yield in US, soybean is still vulnerable to erratic yearly variations in 

weather conditions (NCA, 2014). Among all the weather parameters affecting soybean 

production and SCN activity, precipitation is the most important and fickle factor. The 

rise in the annual rainfall by 20% in some regions of the Midwest is proof that the region 

generally experiences the greatest precipitation and the heavy downpour is common 

(USGCRP, 2014) which might impact soybean growth as well as SCN infectivity.  
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Impact of excessive moisture on SCN infectivity and effectiveness of nematicide seed 

treatment is not well known. However, it was found that SCN population density was 

lowered in irrigated plots than in non-irrigated plots (Koenning and Barker, 1995) but it 

was unknown whether it was due to moisture content or oxygen content ratio. It was also 

found that the hatched juveniles of Meloidogyne hapla and Heterodera schachtii were 

unable to migrate without moisture in the soil (Couch and Bloom, 1960; Wallace, 1955). 

Furthermore, well-irrigated soil was found to maintain the juveniles of Heterodera 

glycines for a longer period of time although the excessive wet soil was found to hinder 

the cyst development (Heatherly et al. 1982). Nevertheless, water is crucial for the spread 

of SCN from the previously infested field to new fields (Faghihi et al. 2010). Drought 

stress facilitates soybean to increase root mass to absorb more water and nutrients and the 

increased root mass also favors SCN infection (Huck et al. 1986). Since the nematode 

requires aerobic respiration in its life cycle, soil oxygen level also plays an important role 

in SCN survival (Koenning and Barker, 1995). In addition, coarse-textured soil drains 

more easily than fine-textured which favors nematode activity by allowing aerobic 

conditions (Vrain, 1986). However, increasing irrigation was not found to reduce yield 

suppression by SCN (Heatherly et al. 1992). Nematodes affect plant roots and thus the 

plant’s ability to uptake water and nutrients. Hence, yield loss due to nematodes is often 

higher when moisture is limited. In some cases, alleviating water stress with irrigation or 

other practices was found to reduce yield loss, although it did not reduce nematode 

populations (Windham, 1998).  
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Soybean is grown mostly in the Midwestern region of the United States which 

experiences erratic weather changes in terms of rainfall and drought conditions. Besides, 

water is an important factor impacting SCN activity in the field. Hence, it is very 

important to determine the impact of the flooding on the SCN infectivity. Thus, the 

objective of this research was to determine the effect of flooding on SCN reproduction in 

both untreated and nematicide seed-treated susceptible cultivar. 

 

4.2. Materials and Methods 

SCN susceptible soybean cultivar Williams-82was selected for the experiment. Seeds 

were treated with the standard dose of ILeVO, 0.125 mg ai/seed or left untreated. ILeVO 

seed treatment contains fluopyram as an active ingredient and is labelled as broad-

spectrum fungicide and nematicide reported to reduce SCN population (Bayer Crop 

Science, 2018). 

 

Pre-germinated seeds treated or not treated with ILeVO were transplanted into individual 

cone-tainer (3.8 cm diameter and 21 cm height, Stuewe and Sons Inc., Tangent OR) filled 

with sterilized soil mixture (2 parts of sand and 1 part of soil by volume). Each 

experimental unit consisted of 10 plants: 5 plants treated and untreated inoculated with 

1ml of the egg solution 3 cm below the soil surface. The egg solution was obtained by 

crushing cysts from the maintained population of the SCN HG type 0 and standardized as 

2000 eggs per ml. Five days after inoculation, all the plants except the day 0 plants were 

flooded with water in a plastic bucket. Individual plants were removed after 2, 4, 6 and 8 

days of flooding. All plants were placed in a bucket filled with sand and placed in a water 
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bath which was maintained at the temperature of 27-28 °C and daylight length of 16 

hours. All the treatments were arranged in a partially randomized block design with 6 

replications and the experiments were repeated once.  

 

After 35 days of the inoculation, the plants in cone-tainers were taken out from the 

bucket, soaked in water for 20 minutes, gently uprooted, washed to collect cysts and the 

roots were kept in blotting paper for 24 hours and weighted. Cysts were collected in 210 

µM pore sized sieve nested under 710 µM pore sized sprayed with a strong stream of 

water to dislodge them from the roots and eggs were extracted from the cysts following 

the SCN eggs extraction procedure by Faghihi and Ferris (2000).   

 

4.2.1. Data analysis 

Data comprising the total number of cysts developed on the roots, number of eggs, and 

the dry root weight were analyzed with R studio version 3.4.3 (The R Foundation for 

Statistical Computing Platform). An average number of cysts and a total number of eggs 

were determined from 6 replications and a repetition. Analysis of variance was used to 

test interactions and the main effects. Duncan’s multiple range test for multiple pairwise 

comparisons was used to separate means at P ≤ 0.05 using R package “Agricolae”. 

 

4.3. Results 

The total number of cysts formed varied among the untreated and treated susceptible 

cultivar as well with the flooding (Table 4.1, 4.2). The number of cysts developed in the 

susceptible cultivar was impacted significantly by both seed treatment and flooding 
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period (Table 4.1, 4.2) while the interaction of seed treatment and the flooding days was 

not significant (Table 4.1). The number of cysts that developed on the non-treated (cysts 

= 36.5) was significantly higher than that of seed treatment (cysts = 26.8) (Table 4.2). 

Days of flooding period also impacted the cyst development significantly. Maximum cyst 

development was observed on the plants subjected to 2 days of flooding (cysts = 35.7) 

(Table 4.2). Cyst development was statistically similar in the treatments subjected to 

flooding period of 4 days (cysts = 31.6) and 6 days (cysts = 29.9) and lowest on the 

treatments flooded for 8 days (cysts = 26.2) (Table 4.2).  

 

The total number of eggs formed across the treatments were significantly impacted by 

seed treatment, days of flooding and their interactions across both the repetitions (Table 

4.3 and Table 4.4). Total number of eggs formed on the non-treated plants were 

significantly higher than the seed treatment plants. The total number of eggs formed on 

the non-treated plants subjected to flooding period of 2, 4, 6 and 8 days were statistically 

similar. However, the unflooded plants had lower eggs number in both the repetitions 

(Table 4.3 and table 4.4). Contrastingly, the total number of eggs formed on the seed-

treated showed that the total number of eggs were significantly higher on the unflooded 

plants in the first run which were statistically similar to the eggs in the rest of the 

flooding days (Table 4.3). In the second run of the experiment, total number of eggs 

formed was statistically similar for unflooded and the 8 days flooding period (Table 4.4). 

 

Fresh root weight from each treatment varied across treated and the non-treated (check). 

Root weight for the non-treated plants was significantly lower while the root weight was 
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higher for the seed-treated plants across both the runs of the experiment (Table 4.5 and 

table 4.6).  

 

4.4. Discussion 

Results from this study suggest that the SCN development in susceptible soybean cultivar 

was affected by both ILeVO seed treatment and the flooding days. Seed treatment with 

ILeVO had statistically fewer cysts than the non-treated seed. This is similar to a research 

study conducted by Heatherly et al. 1992 where the seed treatment lowered cyst 

development.  

 

The number of cysts in the susceptible soybean cultivar was influenced by different days 

of flooding. Number of cysts was statistically higher in the treatment subjected to 2 days 

of flooding and this was statistically similar to the unflooded treatment. The treatment 

subjected to 4 and 6 days of flooding showed similar cyst development. This finding is 

similar to where irrigation for soils having lower moisture level were found to have a 

positive effect on the nematode density while the effect becomes negative in presence of 

excess moisture (Vandegehuchte et al. 2015). In our study, the flooding for 2 days 

promoted SCN development while the flooding for 8 days had negative impact on the 

cyst number.  

 

Similarly, the total number of eggs formation was significantly impacted by the seed 

treatment and the flooding days. Seed treatment was found to be effective in lowering the 

total number of eggs on treated susceptible cultivars as compared to the non-treated. 
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Contrastingly, on the treated susceptible cultivar, unflooded cultivars had higher eggs 

number. This indicated that flooding did not significantly impact total number of eggs on 

untreated susceptible cultivar however, seed treatments reduced the total number of eggs 

on the treated susceptible cultivars. Additionally, seed treatment had significant impact 

on the dry root weight. It indicates that ILeVO seed treatment impact root development 

on the susceptible cultivar. This finding contrasts with another research study conducted 

by Heatherly et al. 1992 where the irrigation did not significantly affect the yield among 

the treatments.  

 

Nematode development depends on the water availability for their activities and their 

density was found to decrease in drought condition (Landesman et al. 2011, Stevnbak et 

al. 2012) and increased with water addition (Smolik and Dodd, 1983). However, it had 

also been found that the nematode population is less sensitive to short-term changes in 

the water availability (Stevnbak et al. 2012) while they were negatively correlated with 

the excess soil moisture for a longer period of time (Freckman et al. 1987). Increased 

precipitation was not found to increase nematode population, neither decreased 

precipitation reduced nematode population (Vandegehuchte et al. 2015).  

 

Our research study was to determine the effect of flooding and the seed treatment on 

susceptible and resistant cultivar in the greenhouse. The results from this research study 

demonstrated that the ILeVO seed treatment significantly reduce cyst formation and also 

increase root biomass in flooded conditions. Further, cyst formation in susceptible 

soybean cultivar was higher on the unflooded and the treatment flooded for 2 days while 
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reduced on the treatments subjected for 8 days of flooding implying that short period 

flooding can increase cyst formation while long period gradually reduces the cyst 

development. In addition, flooding was not found to countermine the resistance of SCN 

resistant cultivar. 
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 Table 4.1. Total number of SCN cysts on seed treated and untreated susceptible cultivar 

after being subjected to flooding period of 0, 2, 4, 6 and 8 days 

 

Treatments Cysts a 

Non-treated  36.55 a 

Treated 26.81 b 

 

 

a The values are pooled mean from 6 replications and 2 repetitions after homogeneity test 

using Bartlett’s homogeneity test. Values followed by the same letter are not significantly 

different according to least significant difference test at P ≤ 0.05.  
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Table 4.2. Cysts developed on susceptible cultivar after being subjected to 0, 2, 4, 6 and 8 

days of flooding 

 

Treatments (Days of flooding) Cysts b 

0 

2 

34.8 a 

35.7 a 

4 31.6 b 

6 29.9 b 

8 26.2 c 

  

  

 

b The values are pooled mean from 6 replications and 2 repetitions after homogeneity test 

using Bartlett’s homogeneity test. Values followed by the same letter are not significantly 

different according to least significant difference test at P ≤ 0.05.  
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Table 4.3. Total number of eggs on seed-treated and non treated susceptible cultivars 

after being subjected to 0, 2, 4, 6 and 8 days of flooding   

 

Cultivar * Days of flooding Total number of eggs c 

Non-treated: 0 14.7 b 

Non-treated: 2 15.8 a 

Non-treated: 4 15.5 a 

Non-treated: 6 15.7 a 

 Non-treated: 8 13.0 d 

Treated: 0 14.7 b 

 Treated: 2 13.7 c 

 Treated: 4 13.0 d 

 Treated: 6 12.7 de 

 Treated: 8 12.2 e 

 

 

c Data were transformed using square root transformation before being subjected to              

analysis of variance (ANOVA). Values followed by similar letter are not significantly 

different according to least significant difference test at P ≤ 0.05. The values are the mean 

of treatments from 6 replications from the first run of the experiment. 
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Table 4.4.  Total number of eggs on seed-treated and non treated susceptible cultivar after 

being subjected to 0, 2, 4, 6 and 8 days of flooding on the repetition experiment 

 

Cultivar * Days of flooding Total number of eggs d 

Non-treated: 0 15.4 bc 

Non-treated: 2 16.1 a 

Non-treated: 4 16.1 a 

Non-treated: 6 15.7 ab 

 Non-treated: 8 15.5 ab 

Treated: 0 14.8 d 

 Treated: 2 13.8 e 

 Treated: 4 13.9 e 

 Treated: 6 13.9 e 

 Treated: 8 14.9 cd 

 

 

d Data were transformed using square root transformation before being subjected to              

analysis of variance (ANOVA). Values followed by similar letter are not significantly 

different according to least significant difference test at P ≤ 0.05. The values are the mean 

of treatments from 6 replications from the second run of the experiment. 
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Table 4.5. Dry root weight of treated and untreated susceptible cultivar after being 

subjected to flooding period of 0, 2, 4, 6, and 8 days    

 

Treatments Root weight (g) e 

Non-treated   1.04 b 

 Treated 1.11 a 

 

 

e Data were transformed using square root transformation before being subjected to              

analysis of variance (ANOVA). Values followed by similar letter are not significantly 

different according to least significant difference test at P ≤ 0.05. The values are the mean 

of treatments from 6 replications from the first run of the experiment 
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Table 4.6.  Dry root weight of treated and untreated susceptible cultivar after being 

subjected to flooding period of 0, 2, 4, 6, and 8 days on the repetition experiment 

 

Treatments Root weight (g) f 

Non-treated   1.08 b 

 Treated 1.11 a 

 

  
 
f Data were transformed using square root transformation before being subjected to              

analysis of variance (ANOVA). Values followed by similar letter are not significantly 

different according to least significant difference test at P ≤ 0.05. The values are the mean 

of treatments from 6 replications from the second run of the experiment. 
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General Conclusions 

This thesis encompasses research studies on alternative weed hosts of SCN, reproduction 

of different HG types of SCN on three weed hosts: henbit, field pennycress, and purple 

deadnettle, and the effect of flooding on the reproduction of SCN for seed-treated and 

non-treated resistant and susceptible cultivars. All the research studies conducted aimed 

to improve the SCN management strategies in South Dakota.  

 

SCN has diverse crop and weed hosts as it can reproduce in several crops and weeds. 

This study examined the alternative weed hosts of SCN in South Dakota based on field 

and greenhouse data. Field pennycress and purple deadnettle were determined from both 

field and greenhouse studies to be the good hosts of SCN in South Dakota whereas white 

clover, common mallow, shepherd’s purse, Canada thistle, and cocklebur were 

determined to the poor hosts of SCN in South Dakota. All the weed species determined as 

hosts from this study were similar to the previous studies except common mallow, which 

was found to be weed host only in this study. 

 

This research also determined the reproduction of SCN HG types on common weed 

hosts: purple deadnettle, field pennycress, and henbit relative to a susceptible check, 

Williams-82, under greenhouse conditions. Though all the three weed hosts supported 

SCN HG types differentially, purple deadnettle and henbit were found to have higher 

number of cysts developed whereas field pennycress was found to support lower cyst 

development. These results indicate that all three weeds considerably support SCN 
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development in South Dakota and hence these weeds should be managed proactively as 

an important component of SCN management strategies.  

 

This thesis has also determined the effects of flooding on SCN resistant and susceptible 

cultivars with and without an ILeVO seed treatment. Water being a crucial factor for 

SCN survival and the infection process and nematicide seed treatment being effective and 

common for soybean growers in South Dakota, it was an important study from growers 

point of view regarding SCN development. Susceptible cultivar untreated and treated 

with ILeVO showed varying SCN development whereas the resistant cultivar did not 

show cyst development irrespective of ILeVO treatment and flooding. Though ILeVO 

treatment and flooding were found to reduce SCN development significantly, the 

practical significance was barely observed suggesting the need for further research in the 

field. Thus, this research study suggests that the integration of the various strategies such 

as weed management, crop rotation, seed treatment and the planting of resistant cultivars 

based on HG type of SCN are crucial for the effective management of SCN in South 

Dakota. 

 

 

 

 

 

 

 



90 

 

 

Literature cited 

Abawi, G. S., Widmer, T. L., Zeiss, M. R. 2000. Impact of soil health management 

practices on soilborne pathogens, nematodes and root diseases of vegetable crops. Applied 

Soil Ecology 15: 37-47. 

Acharya, K. 2015. Distribution and characterization of soybean cyst nematode, 

Heterodera glycines (HG) types in South Dakota (Thesis), South Dakota State University. 

Acharya, K., Plaisance, A., Yan, G. 2017a. Evaluation of cover crops hosts and reduction 

of soybean cyst nematode. Phytopathology 107: S1.1. 

Acharya, K., Tande, C., and Byamukama. E. 2017b. Assessment of commercial soybean 

cultivars for resistance against prevalent Heterodera glycines populations of South 

Dakota. Plant Health Progress. 18: 156-161. 

Adeniji, M. O., Edwards, D. I., Sinclair, J. B., and Malek, R. B. 1975. Inter-relationship of 

Heterodera glycines and Phytophthora megasperma var sojae in soybeans. 

Phytopathology 65:722-725. 

Agrios, G. N. 2005. Plant Pathology. Department of Plant Pathology, University of 

Florida. Fifth edition. Elsevier Academic Press. USA. 

Akhtar, M., 2000. Nematicidal potential of the neem tree Azadirachta indica. Integrated 

Pest Management Reviews 5: 57–66. 

Alston, D., and Schmitt, D. 1988. Development of Heterodera glycines life stages as 

influenced by temperature. Journal of Nematology 20: 366-362. 



91 

 

 

Arelli, P. R., Sleper, D. A., Yue, P., and Wilcox, J. A. 2000. Soybean reaction to races 1 

and 2 of Heterodera glycines. Crop Science 40: 824-826. 

Baidoo, R., Yan, G., Nelson, B., Skantar, M. A., and Chen, S. 2017. Use of chemical 

flocculation and nested PCR for Heterodera glycines detection in DNA extracts from field 

soils with low population densities. Plant Disease 101:7, 1153-1161. 

Bajaj, R., Hu, W., Huang, Y., Chen, S., Prasad, R., Varma, A., and Bushley, K. E. 2015. 

The beneficial root endophyte Piriformospora indica reduces egg density of the soybean. 

Biocontrol 193-199. 

Bar-Eyal, M., Sharon, E., Spiegel, Y., 2006. Nematicidal activity of Chrysanthemum 

coronarium L. European Journal of Plant Pathology 114: 427–433. 

Barnes J. W., Johnson W. G., Nelson K. A., and Dewell R. A. 2003. Impact of spring-

applied, residual herbicides on winter annual weed populations after crop harvest. 

Proceedings of North Central Weed Science Society 58:131. 

Baum, T. J., Noon, J. B., Qi, M., Sill, D. N., Muppirala, U., Eves-Van den Akker, S., 

Maier, T. R., Doobs, D., Hewezi, T., Mitchum, M. G. 2016. A Plasmodium-like virulence 

effector of the soybean cyst nematode suppresses plant innate immunity. New Phytologist 

212. DOI: 10.1111/nph.14047. 

Baum, T. J., Mazarei, M., Lennon, K. A., Puthoff, D. P., and Rodermel, S. R. 2004. 

Homologous soybean and Arabidopsis genes share responsiveness to cyst nematode 

infection. Molecular Plant Pathology 5: 409-423.  



92 

 

 

Bayer CropScience. 2018. ILeVO seed treatment labels and MSDS; Supplemental label 

for soybean use. Online. Accesses on March 27, 2018.  

Bender, B. 2017. New Tools for evaluating the efficacy and mode of action of seed-

applied nematicides. Phytopathology 107: S1.1. 

Bones, A. M., and Rossiter, J. T. 2006. The enzymatically and chemically induced 

decomposition of glucosinolates. Phytochemistry 67:1053–1067. 

Bonner M. J., and Schmitt D.  P. 1985. Population dynamics of Heterodera glycines life 

stages on soybean. Journal of Nematology 17:153–158. 

Bradley, E. B., and Duffy, M. 1982. The value of plant resistance to soybean cyst 

nematode: A case study of “Forest” soybean. Natural Resource Economics Staff Report, 

USDA, Washington, D.C. 

Brown, P., D., and Morra, M., J. 1997. Control of soil-borne plant pests using 

glucosinolate-containing plants. Advances in Agronomy 61: 167-231. 

Brzostowski, L. 2017. Stacking alleles from multiple sources to increase broad-spectrum 

genetic resistance to highly virulent soybean cyst nematode isolates. Phytopathology 107: 

S  

Brzostowski, L. F., Schapaugh, W. T., Rzodkiewicz, P. A., Todd, T. C., and Little, C. R. 

2014. Effect of host resistance to Fusarium virguiliforme and Heterodera glycines on 

sudden death syndrome disease severity and soybean yield. Plant Health Progress 

doi:10.1094/PHP-RS-13-0100.  



93 

 

 

Buhler, D. D. 1995. Influence of tillage systems on weed population dynamics and 

management in corn and soybean in the central USA. Crop Science 35:1247-1258. 

Caldwell, B. E., Brim, C., and Ross, J. 1960. Inheritance of resistance of soybeans to the 

cyst nematode, Heterodera glycines. Agronomy Journal 52: 635-636. 

Cardina, J., Herms, C. P., and Doohan, D. J. 2002. Crop rotation and tillage system effects 

on weed seedbanks. Weed Science 50: 448-460. 

Chang, W. S., Lee, H. I., and Hungria, M. 2015. Soybean Production in the Americas. In 

Lugtenberg, B.(Eds). Principles of Plant-Microbe Interactions 393-400, Springer, US. 

Chen, S. 2007. Suppression of Heterodera glycines in soils from fields with long-term 

soybean monoculture. Biocontrol Science Technology 17:125-134. 

Chen, S. 2012. Soybean cyst nematode management guide. The University of Minnesota 

Extension. Accessed on February 10, 2018.  

Chen, S. Y. 2004. Management with biological methods. Pages 207-242 in: Schmitt, D. 

P., Wrather, J. A., and Riggs, R. D., eds. Biology and Management of Soybean Cyst 

Nematode. Second edition. Schmitt & Associates of Marceline, Marceline, MO. 

Chen, S., and Liu, X. 2005. Control of the soybean cyst nematode by the fungi Hirsutella 

rhossiliensis and Hirsutella minnesotensis in greenhouse studies. Biological Control 

32:208- 219. 

Chen, S., Liu, X., and Chen, F. 2000. Hirsutella minnesotensis sp. nov., a new pathogen of 

the soybean cyst nematode. Mycologia 92: 819-824. 



94 

 

 

Chen, S., Porter, P. M., Reese, C. D., and Stienstra, W. C. 2001(a). Crop sequence effects 

on soybean cyst nematode and soybean and corn yields. Crop Science 41:1843-1849. 

Chen, S., Porter, P., Orf, J., Reese, C., Stienstra, W., Young, N., Walgenbach, D., Schaus, 

P., Arlt, T., and Breitenbach, F. 2001(b). Soybean cyst nematode population development 

and associated soybean yields of resistant and susceptible cultivars in Minnesota. Plant 

Disease 85:760-766. 

Chitwood, D. J. 2002. Phytochemical based strategies for nematode control. 

Phytopathology. 40, 221–249. 

Chowdhury, R. N. 2017. Phytophthora sojae infecting soybean pathotype diversity, new 

sources of resistance and interaction with the soybean cyst nematode (Thesis). South 

Dakota State University.  

Clarke, A. J., Perry, R. N., and Hennessy, J. 1978. Osmotic stress and the hatching of 

Globodera rostochiensis. Nematologica 24:384-392. 

Concibido, V. C., Diers, B. W., and Arelli, P. R. 2004. A decade of QTL mapping for cyst 

nematode resistance in soybean. Crop Science 44:1121-1131. 

Cook, D. E., Lee, T. G., Guo, X., Melito, S., Wang, K., Bayless, A. M., Wang, J., Hughes, 

T. J., Willis, D. K., Clemente, T. E., Diers, B. W., Jiang, J., Hudson, M. E., and Bent, A. 

F. 2012. Copy number variation of multiple genes at Rhg1 mediates nematode resistance 

in soybean. Science 338:1206-1209. 



95 

 

 

Couch, H. B., and Bloom, J. R. 1960. Influence of soil moisture stresses on the 

development of root-knot nematode. Phytopathology 50: 319-321. 

Creech, J. E., and Johnson, W. G. 2006. Survey of broadleaf winter weeds in Indiana 

production fields infested with soybean cyst nematode (Heterodera glycines). Weed 

Technology 20:1066–1075. 

Creech, J. E., Faghihi, J., Ferris, V. R., Westphal, A., and Johnson, W. G. 2007a. Influence 

of intraspecific henbit (Lamium amplexicaule) and purple deadnettle (Lamium purpureum) 

competition on soybean cyst nematode reproduction. Weed Science 55: 665-670. 

Creech, J. E., Johnson, W. G., Faghihi, J., Ferris, V.R., Westphal, A. 2005. First report of 

soybean cyst nematode reproduction on purple deadnettle under field conditions. Crop 

Management doi: 10.1094/ CM-2005-0715-01-BR. 

Creech, J. E., Webb, J. S., Young, B. G., Bond, J. P., Harrison, S. K., Ferris, V. R., 

Faghihi, J., Westphal, A., and Johnson, W. G. 2007b. Development of soybean cyst 

nematode on henbit (Lamium amplexicaule) and purple deadnettle (Lamium purpureum). 

Weed Technology 21:1064-1070. 

Crow, W. T. 2014. Effects of a commercial formulation of Bacillus firmus I-1582 on golf 

course bermudagrass infested with Belonolaimus longicaudatus. Journal of Nematology 

46: 331–335. 

Davis, E. L., Baum, T. J., and Hussey, R. S. 2004. Getting to the roots of parasitism by 

nematodes. Trends in Parasitology 20:134-141. 



96 

 

 

Davis, E. L., Hussey, R. S., Baum, T. J., Bakker, J., Schots, A., Rosso, M.-N., and Abad, 

P. 2000. Nematode parasitism genes. Phytopathology 38:365-396. 

Debprasad, R., Prasad, D., Singh, R. P., Ray, D. 2000. Chemical examination and 

antinemic activity of marigold (Tagetes erecta L.) flower. Ann. Plant Protection Science 

8: 212–217. 

DeBruin, J. L., and Pedersen, P. 2008. Soybean cultivar and planting date response to soil 

fumigation. Agronomy Journal 100: 965-970. 

Devakumar, C., Goswami, D. K., Mukherjee, S. K., 1985. Nematicidal principles from 

neem (Azadirachta indica, A. Juss.). Part 1. Screening of neem kernel fractions against 

Meloidogyne incognita. Indian Journal of Nematology 15: 121–124. 

Dias, C. R., Schwan, A.V., Ezequiel, D. P., Sarmento, M. C., Ferraz, S. 2000. Efeito de 

extratos aquosos de plantas medicinais na sobreviveˆncia de juvenis de Meloidogyne 

incognita. Nematology. Bras. 24, 203–210. doi:0.1126/science.1228746. 

Donkin, S. G., Eiteman, M. A., and Williams, P. L. 1995. Toxicity of glucosinolates and 

their enzymatic decomposition products to Caenorhabditis elegans. Journal of 

Nematology 27: 258–262. 

Dow AgroSciences. Telone C-35 soil fungicide and nematicide label. Accessed on 

January 27, 2018.  



97 

 

 

Duncan, L. W., and Noling, J. W. 1998. Agricultural sustainability and nematode IPM. Pp. 

251–287 in Barker, K. R., Pederson, G. A., and Windham, G. L., eds. Plant-nematode 

interactions. Madison, WI: Agronomy Society of America. 

Elbadri, G. A. A., D. W. Lee, Parkland, J. C., Choo, Y. H. 2009. Nematicidal efficacy of 

herbal powders on Meloidogyne incognita (Tylenchida: Meloidogynidae) on potted 

watermelon Journal of Asia-Pacific Entomology 12: 37–39. 

Endo, B. Y. 1992. Cellular responses to infection, pp. 37-49 in Biology and Management 

of the Soybean Cyst Nematode, edited by Riggs, R. D., and Wrather, J. A. APS Press, St. 

Paul.   

Endo, B. Y. 1998. Atlas on ultrastructure of infective juveniles of the soybean cyst 

nematode, Heterodera glycines. U.S. Department of Agriculture, Agricultural Research 

Service, Agriculture Handbook Number 711 

EPPO. 2013. PM 7/119 Nematode extraction. EPPO Bulletin 43: 471-495, 

doi:10.111/eppo.12077. 

Epps, J. M., and Chambers, A. Y. 1958. New host records for Heterodera glycines, 

including one host in the Labiatae. Plant Disease Report 42:194. 

Faghihi, J., and Ferris, J. 2000. An efficient new device to release eggs from Heterodera 

glycines. Journal of Nematology. 32:411-413. 

Faghihi, J., and Ferris, V. R. 2017. Winter annual weeds and soybean cyst nematode 

management. Purdue extension. 



98 

 

 

Faghihi, J., Donald, P. A., Noel, G., Welacky, T. W., and Ferris, V. R. 2010. Soybean 

resistance to field populations of Heterodera glycines in selected geographic areas. 

Online. Plant Health Progress doi:10.1094/PHP-2010-0426-01-RS. 

Faghihi, J., Vierling, R., Santini, J., and Ferris, V. 2007. Effects of selected fungicides on 

development of soybean cyst nematode. Nematropica 37: 259-265. 

Faghihi, J., and Ferris, V. R. 2006. Soybean Cyst Nematode. Field Crops, Department of 

Entomology. Purdue Extension. E-210W.  

Fawcett, J., Koopman, Z., Miller, L., Roush, W., and Sievers, J. 2014. "On-Farm Soybean 

Seed Treatment Trials". Iowa State Research Farm Progress Reports. 

Fosu-Nyarko, J. and Jones, M. G. K. 2015. Chapter 14 – Application of biotechnology for 

nematode control in crop plants. In: Plant-Nematode Interactions: A View on Compatible 

Interrelationships, Vol. 73 (Escobar, C. and Fenoll, C., eds), pp. 339–376, London: 

Academic Press. ISBN 9780124171619, ISSN 0065-2296, Advances in Botanical 

Research. 

Freckman, D. W., Whitford, W. G., and Steinberger , Y. 1987. Effect of irrigation on 

nematode population dynamics and activity in desert soils. Biology and Fertility of Soils 

3: 3–10. 

Frye, J. W. 2009. Efficacy of novel nematicide seed treatments for the control of 

Heterodera glycines in soybean production. Online 

http://www.lib.ncsu.edu/resolver/1840.16/46. 

http://www.lib.ncsu.edu/resolver/1840.16/46


99 

 

 

Gao, B., Allen, R., Maier, T., Davis, E. L., Baum, T. J., Hussey, R. S. 2001. Identification 

of putative parasitism genes expressed in the esophageal gland cells of the soybean cyst 

nematode Heterodera glycines. Molecular Plant-Microbe Interactions 14: 1247–1254. 

Gao, B., Allen, R., Maier, T., Davis, E. L., Baum, T. J., Hussey, R. S. 2003. The 

parasitome of the phytonematode Heterodera glycines. Molecular Plant-Microbe 

Interaction 16: 720–726. 

Gao, X., Jackson, T. A., Hartman, G. L., and Niblack, T. L. 2006. Interactions between the 

soybean cyst nematode and Fusarium solani f. sp. glycines based on greenhouse factorial 

experiments. Phytopathology 96:1409-1415. 

Gavassoni, W. L., Tylka, G. L., and Munkvold, G. P. 2007. Effects of tillage practices on 

dissemination and spatial patterns of Heterodera glycines and soybean yield. Plant 

Disease 91:973-978. 

Gibson, K. D., Johnson, W. G., and Hillger, D. E. 2005. Farmer perceptions of 

problematic corn and soybean weeds in Indiana. Weed Technology 19:1065–1070. 

 

Giesler, L. J., and Wilson, J. A. 2011. Soybean cyst nematode: Identification and 

management. University of Nebraska, Lincoln; Extension  

Golden, A. M., Epps, J. M., Riggs, R. D., Duclos, L. A., Fox, J. A., and Bernard, R. L. 

1970. Terminology and identity of intraspecific forms of the soybean cyst nematode 

(Heterodera glycines). Plant Disease Reporter 54: 544-546. 



100 

 

 

Gommers, F. J., and Bakker, J. 1988. Physiological diseases induced by plant response or 

products. In: Poinar, G.O., Jansson, H. B. (Eds.), Diseases of Nematodes, vol. 1. CRC 

Press, Boca Raton, FL, pp. 3–22. 

Goverse, A., and Smant, G. 2014. The Activation and Suppression of Plant Innate 

Immunity by Parasitic Nematodes. Annual Review of Phytopathology 52: 243-265. 

Grabau, Z. 2013. Management strategies for control of soybean cyst nematode and their 

effects on the nematode community. Retrieved from the University of Minnesota Digital 

Conservancy, http://purl.umn.edu/157428. 

Guo, X. L., Chronis, D., De La Torre, C. M., Smeda, J., Wang, X. H., Mitchum, M. G. 

2015. Enhanced resistance to soybean cyst nematode Heterodera glycines in transgenic 

soybean by silencing putative CLE receptors. Plant Biotechnology Journal 13: 801–810. 

10.1111/pbi.12313. 

Harlan, J. R., and Hymowitz, T. 1983. Introduction of soybean to North America by 

Samuel Bowen in 1765. Economic Botany. 37:371-379. 

Hartman, G. L., and Sinclair, J. B. 1999. Soybean diseases. pp. 3-4. In Compendium of 

soybean diseases, 4th edition. (Eds. G.L. Hartman, J.B. Sinclair, and J.C. Rupe). APS 

Press, The American Phytopathological Society, St. Paul MN, USA. 

Hartman, G. L., West, E. D., and Herman, T. K. 2011. Crops that feed the World 2. 

Soybean, worldwide production, use, and constraints caused by pathogens and pests. Food 

Security 3:5-17. 



101 

 

 

Hassan, M. A., Hongli, S., Hussain, M., Thi, H. P., and Zheng, J. W. 2013. Nematicidal 

Effects of Acacia nilotica, Azadirachta indica, Brassica chinensis, and Ecklonia maxima 

against Soybean Cysts Nematode. International Journal of Agriculture and Biology 15: 

599-602. 

Heatherly, L. G., and Young, L. D. 1991. Soybean and soybean cyst nematode response to 

soil water content in loam and clay soils. Crop Science, Vol 31. 

Heatherly, L. G., Pringle, H. C., Sciumbato, G. L., Young, L. W., Ebelhar, M. W., 

Wesley, R. A., and Tupper, G. R. 1992. Irrigation of soybean cultivars susceptible and 

resistant to soybean cyst nematode. Crop Science 32: 802-806. 

Hershman, D. E. 1997. Soybean cyst nematode: soybean thief and public enemy number 

one. http://www.ca.uky.edu/agc/pubs/ppa/ppa42/ppa42. Cooperative extension service. 

The University of Kentucky. PPA-45. Accessed on Feb 10, 2018. 

Hershman, D. E., and Bachi, P. R. 1995. Effect of wheat residue and tillage on Heterodera 

glycines and yield of double-crop soybean in Kentucky. Plant Disease 79:631-633. 

Hershman, D., Heinz, R., and Kennedy, B. 2008. Soybean cyst nematode, Heterodera 

glycines, populations adapting to resistant soybean cultivars in Kentucky. Plant Disease. 

92:1475-1475. 

Hewezi T., 2015. Cellular signaling pathways and posttranslational modifications 

mediated by nematode effector proteins. Plant Physiology 169: 1018-1026. 



102 

 

 

Hewezi T., and Baum, T. J. 2013. Manipulation of plant cells by cyst and root-knot 

nematode effectors. Molecular Plant-Microbe Interactions 26: 9–16. 

Heydari, R., Maafi, Z. T., and Pourjam, E. 2012. Yield loss caused by soybean cyst 

nematode, Heterodera glycines, in Iran. Journal of Nematology 14: 589-593. 

Hill, N. S., and Schmitt, D. P. 1989. Influence of temperature and soybean phenology on 

dormancy induction of Heterodera glycines. Journal of Nematology 21:361–369, 

http://dx.doi.org/10.1094/CM-2008-0701-01-RV. 

Hillel, D. 2004. Introduction to environmental soil physics. Elsevier Academy Press, 

USA.  

Hooper, D. J., Hallmann, J., and Subbotin, S. A. 2005. Methods for extraction, processing, 

and detection of plant and soil nematodes. Plant parasitic nematodes in subtropical and 

tropical agriculture 2: 53-86. 

Hori, S. 1915. Sick soil of soybean caused by nematodes. Phytopathological notes (in 

Japanese). Journal of Plant Protection 2: 927-930. 

Huck, M. G., Peterson, C. M., Hoogenbloom, G., and Busch, C. D. 1986. Distribution of 

dry matter between shoots and roots of irrigated and non-irrigated determinate soybeans. 

Agronomy Journal 78: 807-813. 

Hymowitz, T. 1970. On the domestication of the soybean. Economic Botany 24: 408-421. 

Hymowitz, T. 1990. Soybeans: the success story. Pages 159-163 in J. Janick, and J. E. 

Simon eds. Advances in New Crops. Timber Press, Portland, Oregon. 

http://dx.doi.org/10.1094/CM-2008-0701-01-RV


103 

 

 

Hymowitz, T., and Newell, C. 1981. Taxonomy of the genus Glycine, domestication and 

uses of soybeans. Economic Botany 35: 272-288. 

Inagaki, H., and Tsutsumi, M. 1971. Survival of the soybean cyst nematode, Heterodera 

glycines Ichinohe (Tylenchida: Heteroderidae) under certain spring conditions. Applied 

Entomology and Zoology 6:156-162. 

Irwin, S., Hubbs, T., and Good, D. 2017. United States soybean yield trends for irrigated 

and non-irrigated production. Farmdoc daily 81, Department of Agricultural and 

Consumer Economics, the University of Illinois at Urbana-Champaign. 

Ishikawa, T. 1916, Principal insect pests and diseases of plants occurring during the fourth 

year of Taisho. II. Occurrence of “Moon night” and wilt disease of soybean. (In Japanese), 

Journal of Plant Protection 3: 197. 

Ito, S. 1921. Studies on “Yellow dwarf” disease of soybean. (In Japanese), Hokkaido 

Agricultural Experiment Station Report 11: 47. 

Jaffe, H., Huettel, R. N., Demilo, A. B., Hayes, D. K., and Rebois, R. V. 1989. Isolation 

and identification of a compound from soybean cyst nematode, Heterodera glycines, with 

sex pheromone activity. Journal of Chemical Ecology 15: 2031-2043. 

Jing, G. N., and Halbrendt, J. M. 1994. Relationship of glucosinolate in rapeseed extracts 

to toxicity against Caenorhabditis elegans. Journal of Pennsylvania Academy of Science 

66:168. 



104 

 

 

Johnson, A., Kim, K., Riggs, R., and Scott, H. 1993. Location of Heterodera glycines 

induced syncytia in soybean as affected by soil water regimes. Journal of Nematology. 

25:422-426. 

Jones, J. L. 1997. Studies on a South Dakota population of Heterodera glycines (Thesis), 

South Dakota State University. 

Joos, D. K., Esgar, R. W., Henry, B. R., and Nafziger, E. D. 2013. Soybean variety test 

results in Illinois: 2013. Crop Science Special Report. University of Illinois, Urbana 

Champaign. 

Kabeh, J. D., and Jalingo, M. G. D. S. S. 2007. Exploiting neem (Azadirachta indica) 

resources for improving the quality of life in Taraba State, Nigeria. International Journal 

of Agricultural Biology 9: 530–532. 

Kaitany, R., Melakeberhan, H., Bird, G. W., and Safir, G. 2000. Association of 

Phytophthora sojae with Heterodera glycines and nutrient stressed soybeans. Nematropica 

30:193-200. 

Kandoth, P. K., Heinz, R., Yeckel, G., Gross, N. W., Juvale, P. S., Hill, J., Whitham, S. 

A., Baum, T. J., and Mitchum, M. G. 2013. A virus-induced gene silencing method to 

study soybean cyst nematode parasitism in Glycine max. BioMed Central research notes 6: 

255. 

Khan, W., Rayirath, U.P., Subramanian, S., Mundaya, N., Jithesh, M.N., Rayorath, P., 

Hodges, D.M., Critchley, A.T., Craigie, J.S., Norrie, J., Prithiviraj, B. 2009. Seaweed 



105 

 

 

extracts as biostimulants of plant growth and development. Journal of Plant Growth 

Regulation 28: 386–399. 

Knodel, J., Beauzay, P., and Markell, S. 2016. Management of soybean aphids and 

interactions with soybean cyst nematode. National Soybean Checkoff Research Database. 

https://www.soybeanresearchdata.com/Project.aspx?id=52190  

Koenning, S. 2004. The resistance of soybean cultivars to field populations of Heterodera 

glycines in North Carolina. Plant Disease 88: 942-950. 

Koenning, S. E., Schmitt, D. P., Barker K. R., & Gumpertz, M. L. 1995. Impact of crop 

rotation and tillage system on Heterodera glycines population density and soybean yield. 

Plant Disease 79: 282-286.  

Koenning, S. R., and Barker, K. R. 1995. Soybean photosynthesis and yield as influenced 

by Heterodera glycines, soil type, and irrigation. Journal of Nematology 27: 51. 

Koenning, S. R., and Sipes, B. S. 1998. Biology. Pp. 156-190 in S.B. Sharma, editor. The 

Cyst Nematodes. Dordrecht, The Netherlands: Kluwer Academic Publishers. 

Koenning, S., and Wrather, J. 2009. Effects of diseases on soybean yields in the Unites 

States 1996 to 2007. Online. Plant Health Progress doi:10.1094/PHP-2009-0401-01-RS. 

Koenning, S. R., and Wrather, J. A. 2010. Suppression of soybean yield potential in the 

continental United States by plant diseases from 2006 to 2009. Plant Health Progress 

http://dx. doi. org/10.1094/PHP-2010-1122-01-RS. 

https://www.soybeanresearchdata.com/Project.aspx?id=52190


106 

 

 

Koskinen, W. C., and McWhorter, C. G. 1986. Weed control in conservation tillage. 

Journal of Soil Water Conservation 41: 365-370. 

Krausz, R. F., Young B. G., and Matthews, J. L. 2003. Winter annual weed control with 

fall-applied corn (Zea mays) herbicides. Weed Technology 17:516–520. 

Kurtzweil, N. C., Hughes, T. J., and Grau, C. R. 1999. Relationship of soybean cyst 

nematode resistant cultivars to brown stem rot resistance. Phytopathology 89: S106. 

Landesman, W. J., A. M. Treonis, and J. Dighton. 2011. Effects of a one-year rainfall 

manipulation on soil nematode abundances and community composition. Pedobiologia 54: 

87–91. 

Lauritis, J. A., Rebois, R. V., and Graney, I. S. 1983. Development of Heterodera glycines 

Ichinohe on soybean Glycine max (L.) Merr., under gnotobiotic conditions. Journal of 

Nematology 15: 272-281. 

Li, C., Hu, Y., You, J., Williamson, V. M., Wang, C. 2017. Ethylene response pathway 

modulates attractiveness of plant roots to soybean cyst nematode Heterodera glycines. 

Scientific Reports volume7, Article number: 41282, doi:10.1038/srep41282. 

Li, J., Todd, T. C., Lee, J., and Trick, H. N. 2011. Biotechnological application of 

functional genomics towards plant-parasitic nematode control. Plant Biotechnology 

Journal 9: 936- 944. 

Lin, J., Mazarei, M., Zhao, N., Zhu, J. J., Zhuang, X., Liu, W., Pantalone, V. R., Arelli, P. 

R., Stewart, C. N., and Chen, F. 2013. Overexpression of a soybean salicylic acid methyl 



107 

 

 

transferase gene confers resistance to soybean cyst nematode. Plant Biotechnology Journal 

11: 1135-1145. 

Liu, S., Kandoth, P. K., Warren, S. D., Yeckel, G., Heinz, R., Alden, J. 2012. A soybean 

cyst nematode resistance gene points to a new mechanism of plant resistance to pathogens. 

Nature 492: 256–260. 

Liu, X. Z., Li, J. Q., and Zhang, D. S. 1997. History and status of soybean cyst nematode 

in China. International Journal of Nematology 7: 18-25. 

Liu, X., Liu, S., Jamai, A., Lightfoot, D. A., Mitchum, M. G., Meksem, K. 2011.  Soybean 

cyst nematode resistance in soybean is independent of the Rhg4 locus LRR-RLK gene. 

Functional and Integrative Genetics 11: 539–549.  

López, M. M., Bertolini, E., Olmos, A., Caruso, P., Gorris, M. T., Llop, P., Penyalver, R., 

and Cambra, M. 2003. Innovative tools for detection of plant pathogenic viruses and 

bacteria. International Microbiology 6: 233-243. 

MacGuidwin, A. 2012. Distribution of SCN HG types in Wisconsin. 2011, Proceedings of 

the 2012 Wisconsin Crop Management Conference 51:107. 

Macintosh, G. C., Studham, M., Avendano, F., Tylka, G. L., and Soh, D. 2009. The 

soybean resistance gene Rag1 does not protect against soybean cyst and root-knot 

nematodes. Plant Health Progress. DOI10.1094/PHP-2009-0401-01-BR 



108 

 

 

Marburger, D., Conley, S., Esker, P., MacGuidwin, A., and Smith, D. 2014. Relationship 

between Fusarium virguliforme and Heterodera glycines in commercial soybean fields in 

Wisconsin. Plant Health Progress doi:10.1094/PHP-RS-13-0107. 

Martin, R. R., James, D., and Lévesque, C. A. 2000. Impacts of molecular diagnostic 

technologies on plant disease management. Annual Review of Phytopathology 38: 207-

239. 

Matson, A. L., and Williams, L. F. 1965. Evidence of a fourth gene for resistance to the 

soybean cyst nematode. Crop Science 5: 4407-4414. 

Matthiessen, J. N., and Kirkegaard, J. A. 2006. Biofumigation and enhanced 

biodegradation: opportunity and challenge in soil-borne pest and disease management. 

Critical Reviews in Plant Science 25: 235-265. 

McCarville, M. T., Soh, D. H., Tylka, G. L., and O’Neal, M. E. 2014. Aboveground 

feeding by soybean aphid, Aphis glycines, affects soybean cyst nematode, Heterodera 

glycines, reproduction belowground. PlOS One 9: e86415. 

McLean, K. S., and Lawrence, G. W. 1993. Inter-relationship of Heterodera glycines and 

Fusarium solani in sudden death syndrome of soybean. Journal of Nematology 25:434-

439. 

McSorley, R. 1998. Alternative practices for managing plant-parasitic nematodes. 

American Journal of Alternative Agriculture 13: 98-104.  



109 

 

 

Meksem, K., Pantazopoulos, P., Njiti, V. N., Hyten, L. D., Arelli, P. A., and Lightfoot, D. 

A. 2001.  ‘Forrest’ resistance to the soybean cyst nematode is bigenic: saturation mapping 

of the Rhg1 and Rhg4 loci. Theoretical and Applied Genetics 103: 710–717. 

Melito, S., Heuberger, A. L., Cook, D., Diers, B. W., MacGuidwin, A. E., and Bent, A. F. 

2010. A nematode demographics assay in transgenic roots reveals no significant impacts 

of the Rhg1 locus LRR-Kinase on soybean cyst nematode resistance. BioMed Central 

Plant Biology 10:104. doi:10.1186/1471-2229-10-104. 

Miller, D. R., Chen, S. Y., Porter, P. M., Johnson, G. A., Wyse, D. L., Stetina, S. R., 

Klossner, L. D., and Nelson, G. A. 2006. Rotation crop evaluation for management of the 

soybean cyst nematode in Minnesota. Agronomy Journal 98: 569-578. 

Mitchum, M. G. 2016. Soybean resistance to the soybean cyst nematode Heterodera 

glycines: An update. Phytopathology 106:1444-1450.  

Mitchum, M. G., Hussey, R. S., Baum, T. J., Wang, X., Elling, A. A., Wubben, M., and 

Davis, E. L. 2013. Nematode effector proteins: an emerging paradigm of parasitism. New 

Phytologist 199: 879–894 doi: 10.1111/nph.12323. 

Mitchum, M. G., Wrather, J. A., Heinz, R. D., Shannon, J. G., and Danekas, G. 2007. 

Variability in distribution and virulence phenotypes of Heterodera glycines in Missouri 

during 2005. Plant Disease 91:1473-1476. 

Mock, V. A., Creech, J. E., Johnson, B., Faghihi, J., Ferris, V. R., Westphal, A., Bradley, 

K. 2007. Winter annual weeds and soybean cyst nematode management. Purdue 

Extension, WS-36. 



110 

 

 

Mock, V. A., Creech, J. E., Davis, V. M., and Johnson, W. G. 2009. Plant growth and 

soybean cyst nematode response to purple deadnettle (Lamium purpureum), annual 

ryegrass, and soybean combinations. Weed Science 57: 489-493. 

Mojtahedi, H., Santo, G. S., Wilson, J. H., and Hang, A. N. 1993. Managing Meloidogyne 

chitwoodi on potato with rapeseed as green manure. Plant Disease 77: 42–46. 

Mojtahedi, H., Santo, G.S., Hang, A.N., and Wilson, J.H. 1991. Suppression of root-knot 

nematode populations with selected rapeseed cultivars as green manure. Journal of 

Nematology 23: 170–174.   

Mojumder, V., and Mittal, A. 2003. Effect of neem products as seed coating against 

Heterodera cajani in cowpea. Legume Research 26:231-232. 

Mumm, R., Burow, M., Bukovinszkine’kiss, G., Kazantzidou, E., Wittstock, U., Dicke, 

M., Gershenzon, J. 2008. Formation of simple nitriles upon glucosinolate hydrolysis 

affects direct and indirect defense against the specialist herbivore, Pieris rapae. Journal of 

Chemical Ecology 34: 1311–1321. 

Musil, K. M., Arneson, N. J., and Giesler, L. J. 2015. Evaluation of biological seed 

treatments on yield and soybean cyst nematode populations, 2014. Plant Disease 

Management Report 9: N016. Online publication doi: 10.1094/PDMR09 

Nakata, K., and Asuyana, W. 1938. Survey of the principal diseases of crops in 

Manchuria. Bureau Industry Report, 32. 



111 

 

 

Natarajan, N., Cork, A., Boomathi, N., Pandi, R., Velavan, S., Dhakshnamoorthy, G., 

2006. Cold aqueous extracts of African marigold, Tagetes erecta for control tomato root-

knot nematode, Meloidogyne incognita. Crop Protection 25: 1210– 1213. 

National Climate Assessment. U.S. Global Change Research Program, 2014. 

Nguyen, H. T., Kim, K. S., Vuong, T. D., Qiu, D., Robbins, R. T., Grover S. J., Li, Z. 

2016. Advancements in breeding, genetics, and genomics for resistance to three nematode 

species in soybean. Theoretical and Applied Genetics 129: 2295. 

Niblack, T. 2005. Soybean cyst nematode management reconsidered. Plant Disease 

89:1020- 1026. 

Niblack, T. L. 1992. The race concept. In R. D. Riggs and J. A. Wrather, eds. Biology and 

management of the Soybean Cyst Nematode. St. Paul, MN: American Phytopathological 

Society. pp. 73-86. 

Niblack, T. L. 2013. Soybean cyst nematode. The Ohio State University extension.  

Niblack, T. L., Arelli, P., Noel, G., Opperman, C., Orf, J., Schmitt, D., Shannon, J., and 

Tylka, G. 2002. A revised classification scheme for genetically diverse populations of 

Heterodera glycines. Journal of Nematology 34: 279. 

Niblack, T. L., and Chen, S. Y. 2004. Variation in the virulence phenotypes. Pages 57- 71 

in: D. P. Schmitt, J. A. Wrather, and R. D. Riggs, eds. Biology and Management of 

Soybean Cyst Nematode. Second edition. Schmitt & Associates of Marceline, Marceline, 

MO. 



112 

 

 

Niblack, T. L., Colgrove, A. L., Colgrove, K., and Bond, J. P. 2008. Shift in virulence of 

soybean cyst nematode is associated with use of resistance from PI 88788. Online. Plant 

Health Progress doi:10.1094/PHP-2008-0118-01-RS. Accessed on February 10, 2018. 

Niblack, T. L., Lambert, K., and Tylka, G. 2006. A model plant pathogen from the 

kingdom animalia: Heterodera glycines, the soybean cyst nematode. Annual Reviews of 

Phytopathology 44:283-303. 

Niblack, T., Wrather, J., Heinz, R., and Donald, P. 2003. Distribution and virulence 

phenotypes of Heterodera glycines in Missouri. Plant Disease 87:929-932. 

Nice G., and Johnson, B. 2005. Indiana's top ten most problematic weeds. Purdue 

University Weed Science Extension Bulletin. 

Noel, G. R. 1987. Comparison of fayette soybean, aldicarb, and experimental nematicides 

for management of Heterodera glycines on soybean. Annals of Applied Nematology 1: 

84-88. 

Noel, G. R. 1992. History, distribution, and economics. Pages 1-13 in: R. D. Riggs and J. 

A. Wrather, eds. Biology and Management of the Soybean Cyst Nematode. First edition. 

APS Press, St. Paul, MN. 

Noel, G. R. 2004. Soybean response to infection. p. 131-151. In D.P. Schmitt, J.A. 

Wrather and R.D. Riggs (eds.) Biology and management of soybean cyst nematode. 2nd 

ed. Schmitt & Associates of Marceline, Marcelin, Missouri. 



113 

 

 

Noel, G. R. 2008. IPM of soybean cyst nematode in the US. Pages 119-126 in: A. Ciancio 

and K. G. Mukerji, eds. Integrated Management and Biocontrol of Vegetable and Grain 

Crops Nematodes. Springer, The Netherlands. 

Noel, G. R., and Edwards, D. I. 1996. Population development of Heterodera glycines and 

soybean yield in soybean-maize rotations following introduction into a non-infested field. 

Journal of Nematology 28: 335-342. 

Noel, G. R., and Wax, L. M. 2003. Population dynamics of Heterodera glycines in 

conventional tillage and no-tillage soybean/corn cropping systems. Journal of Nematology 

104-109. 

Noel, G. R., Atibalentja, N., and Bauer, S. 2005. Suppression of soybean cyst nematode 

populations by Pasteuria nishizawae. Nematropica 35: 91. 

Noon, J. B., Hewezi, T., Maier, T. R., Simmons, C., Wei, J. Z., Wu, G. 2015. Eighteen 

new candidate effectors of the phytonematode Heterodera glycines produced specifically 

in the secretory esophageal gland cells during parasitism. Phytopathology 105:1362–1372.  

Norton, D. C. 1978. Ecology of Plant-Parasitic Nematodes. Wiley-Interscience, New 

York. 

Oka, Y. 2010. Mechanisms of nematode suppression by organic soil amendments, a 

review. Applied Soil Ecology 44:101-115. 

Oplinger, E. S., Martinka, M. J., Bures, K. A., Gaska, J. M., and Grau, C. R. 1999. 

Wisconsin soybean variety tests. University of Wisconsin Extension Bulletin, A3564. 



114 

 

 

Oyekanmi, E. O., and Fawole, B. 2010. Nematodes of Soybean and Their Management. 

The soybean: botany, production and uses, Singh, G. Pages 325-344. 

Pacumbaba R. P. 1991. Effects of induced epidemics of Heterodera glycines, Diaporthe 

phaseolorum var. caulivora and Pseudomonas syringae pv. glycinea in single inoculations 

or in combinations on soybean yield and other agronomic characters. Agronomy and Crop 

Science 169: 176-183. 

Pedersen, J. F., and Rodríguez-Kábana, R. 1991. Winter grass cover crop effects on 

nematodes and yields of double cropped soybean. Plant and Soil 131:287 – 291. 

Perez-Hernandez, O. 2013. Multifactorial analysis of mortality of soybean cyst nematode 

(Heterodera glycines, Ichinohe) populations in soybean and in soybean fields annually 

rotated to corn in Nebraska. Ph.D. Dissertation. The University of Nebraska-Lincoln. 

Lincoln, NE. 

Pérez-Hernández, O. and Giesler, L. J. 2014. Quantitative relationship of soil texture with 

the observed population density reduction of Heterodera glycines after annual corn 

rotation in Nebraska. Journal of Nematology 46: 90 – 100. 

Perry, R. N. 1996. Chemoreception in plant parasitic nematodes. Annual Review of 

Phytopathology 34:181-199. 

Phatak, S. 1998. Managing pest with cover crop. Pages 25-33. In A. Clark (ed.) Managing 

cover crops profitably. Sustainable Agricultural Network, Beltsville, MD. 



115 

 

 

Ploeg, A., and Stapleton, J. J. 2001. Glasshouse studies on the effects of time, temperature 

and amendment of soil with broccoli plant residues on the infestation of melon plants by 

Meloidogyne incognita and M. javanica. Nematology 3: 855–861. 

Ploeg, A.T. 2000. Effects of amending the soil with Tagetes patula cv. Single Gold on 

Meloidogyne incognita infestation of tomato. Nematology 2: 489–493. 

Poromarto, S. H., and Nelson, B. D. 2009. Reproduction of soybean cyst nematode on dry 

bean cultivars adapted to North Dakota and northern Minnesota. Plant Disease 93: 507-

511. 

Poromarto, S. H., Nelson, B. D., Jain, S., and Gramig, G. G. 2015.  Evaluation of weed 

species from the Northern Great Plains as hosts of soybean cyst nematode. Plant Health 

Progress doi:10.1094/PHP-RS-14-0024.   

Poromarto, S. H., Nelson, B. D., and Helms, T. C. 2011. Reproduction of soybean cyst 

nematode on dry bean cultivars over multiple generations. Plant Disease 95:1239-1243. 

Posch., J. P. 2017. Diaporthe, soybean cyst nematode, and soybean aphid: An evaluation 

of the potential interactions occurring among pests on soybean in South Dakota (Thesis). 

South Dakota State University.  

Probst, A. H., and Judd, R. W. 1973. Origin, US History and Development, and World 

Distribution. In: ed. B.E. Caldwell, Soybeans: Improvement, Production, and Uses. 

Agronomy Monograph 16, 1st ed. ASA, CSSA, and SSSA, Madison, WI, pp. 1-15. 



116 

 

 

Radosevich, S., Holt, J. and Ghersa, C. 1997. Weed Ecology: Implications for 

Management. 2nd ed. New York: J. Wiley, 589. 

Rahman, L., and Somer, T. 2005. Suppression of root-knot nematode (Meloidogyne 

javanica) after incorporation of Indian mustard cv. Nemfix as green manure and seed meal 

in vineyards. Australasian Plant Pathology 34: 77–83. 

Rao-Arelli, A. 1994. Inheritance of resistance to Heterodera glycines race 3 in soybean 

accessions. Plant Disease 78:898-900. 

Rao-Arelli, A., Anand, S. C., and Wrather, A. J. 1992. Soybean resistance to soybean cyst 

nematode race 3 is conditioned by an additional dominant gene. Crop Science 32: 862-

864. 

Raven P. H., and Johnson, G. B. 2002. Biology. 6th ed. McGraw-Hill, Boston, MA. 

Rich, J. R., Dunn, R., Noling, J. 2004. Nematicides: past and present uses. In: Chen, Z.X., 

Chen, S.Y., Dickson, D.W. (Eds.), Nematology: Advances and Perspectives, vol 2. 

Nematode Management and Utilization, CABI Publishing, Oxfordshire, pp. 1041–1082. 

Riga, E., Topp, E., Potter, J., Welacky, T., Anderson, T., and Tenuta, A. 2001. The impact 

of plant residues on the soybean cyst nematode, Heterodera glycines. Canadian Journal of 

Plant Pathology 23:168-173. 

Riggs, R. D. 1975. Worldwide distribution of soybean-cyst nematode and its economic 

importance. Symposium paper presented at the joint annual meeting of the Society of 

Nematologists and American Phytopathological Society, Houston, Texas, August 10-14.  



117 

 

 

Riggs, R. D. 1987. Non-host root penetration by soybean cyst nematode. Journal of 

Nematology 19: 251-254. 

Riggs, R. D. 1992. Host range. Pages 107-114 in: Biology and Management of the 

Soybean Cyst Nematode. R. D. Riggs and J. A. Wrather, eds. American Phytopathological 

Society, St. Paul, MN. 

Riggs, R. D., and Hamblen, M. L. 1962. Soybean cyst nematode studies in the family 

Leguminosae. Arkansas Agriculture Experiment Station Report Series 110:1-8. 

Riggs, R. D., and Hamblen, M. L. 1966a. Further studies on the host range of the soybean 

cyst nematode. Arkansas Agriculture Experiment Station Report Bulletin, 718. 

Riggs, R. D., and Hamblen, M. L. 1966b. Additional weed hosts of Heterodera glycines. 

Plant Disease Report 50:15-16. 

Riggs, R. D., and Schmitt, D. P. 1988. Complete characterization of the race scheme for 

Heterodera glycines. Journal of Nematology 13:171-197. 

Riggs, R. D., and Wrather, J. A. 1992. Biology and Management of the Soybean Cyst 

Nematode. American Phytopathological Society, St. Paul Minnesota, USA.  

Robertson, A. E., Serrano, M., and Wiggs, S. N. 2016. 2015 evaluation of commercial 

seed treatments on soybean at three locations in Iowa. Integrated Crop Management News 

2336.  

Rodrıguez-Kabana, R. 1986. Organic and inorganic amendments to soil as nematode 

suppressants. Journal of Nematology 18: 129–135. 



118 

 

 

Ross, J. P. 1958. Host-parasite relationship of the soybean cyst nematode in resistant 

soybean roots. Phytopathology 48: 578-579. 

Ross, J. P. 1960. Soybean cyst nematode control by crop rotation. Phytopathology 50:652 

Ross, J. P., and Brim, C. A. 1957. Resistance of soybeans to the soybean cyst nematode as 

determined by the double-row method. Plant Disease Reporter 41: 923- 924. 

Ross, J. P. 1962. Physiological strains of Heterodera glycines. Plant Disease Reporter 46: 

766. 

Ross, J. P. 1963. Seasonal variation of larval emergence from cysts of the soybean cyst 

nematode, Heterodera glycines. Phytopathology 53: 608–609. 

Rotundo, J. L., Tylka G. L., and Pedersen, P. 2010. Source of Resistance Affect Soybean 

Yield, Yield Components, and Biomass Accumulation in Heterodera glycines-Infested 

Fields. Crop Science 50: 2565–2574. doi: 10.2135/cropsci2009.12.0724. 

Roy, K. W., Hershman, D. E., Rupe, J. C., and Abney, T. S. 1997. Sudden death syndrome 

of soybean. Plant Disease 81:1100-1111. 

Roy, K. W., Lawrence, G. W., Hodges, H. H., McLean, K. S., and Killebrew, J. F. 1989. 

Sudden death syndrome of soybean: Fusarium solani as incitant and relation of 

Heterodera glycines to disease severity. Phytopathology 79:191-197. 

Roy, K.W., Abney, T.S., and Patel, M.V. 1993. Soybean SDS in the Midwest and South: 

Disease incidence and association of Fusarium solani with roots and with cysts of 

Heterodera glycines. Phytopathology 83: 467. 



119 

 

 

Russin, J. S., Layton, M. B., Boethel, D. J., McGawley, E. C., Snow, J. P., and Berggren, 

G. T. 1989. Development of Heterodera glycines on soybean damaged by soybean looper 

and stem canker. Journal of Nematology 21: 108-114. 

Sankaran, S., Mishra, A., Ehsani, R., and Davis, C. 2010. A review of advanced 

techniques for detecting plant diseases. Computers and Electronics in Agriculture 72: 1-

13. 

Sasser, J. N., and Grover, U. Jr. 1991. Control of the soybean cyst nematode by crop 

rotation in combination with a nematicide. Journal of Nematology 23:344-347. 

Sayre, R. M., Wergin, W. P. Schmidt, J. M., and Starr, M. P. 1991. Pasteuria nishizawae 

sp. nov., a mycelial and endospore-forming bacterium parasitic on cyst nematodes of 

genera Heterodera and Globodera. Research in Microbiology 142: 551-564. 

Schmitt, D. P., and Shannon, G. 1992. Differentiating soybean cyst nematode race and 

resistance response of soybean. Crop Science 32: 275-277. 

Schmitt, D. P., Wrather, J. A., and Riggs R. D. (eds.). 2004. Biology and Management of 

Soybean Cyst Nematode, Second Edition. Walsworth Publishing Company, Marceline, 

MO. 

Shannon, J. G., Arelli, P. R., Young, L. D. 2004. Breeding for soybean cyst nematode 

resistance. In: Schmitt, Wrather, Riggs, editors. Biology and Management of Soybean 

Cyst Nematode. Second Edition: 155-180. 



120 

 

 

Sharma, K., Singh, U., Sharma, P., Kumar, A., and Sharma, L. 2015. Seed treatments for 

sustainable agriculture-A review. Journal of Applied and Natural Sciences 7: 521-539. 

Siddique, S., Radakovic, Z. S., Torre, S. M. D. L., Chronis, D., Novak, O., Ramireddy, E., 

Holbein, J., Matera, C., Hutten, M., Gutbrod, P., Anjam, M. S., Rozanska, E., Habash, S., 

Elashry, A., Sobczak, M., Kakimoto, T., Strnad, M., Schmulling, T., Grundler, F. M. W., 

and Mitchum, M. G. 2015. A parasitic nematode releases cytokinin that controls cell 

division and orchestrates feeding site formation in host plants. PNAS 12669–12674. 

Silva, J. C. T., Oliveira, R. D. L., Jham, G. N., Aguiar, N. D. C. 2008. Effect of neem seed 

extracts on the development of the Soybean Cysts Nematode. Tropical Plant Pathology 

vol. 33: 171-179. 

Sipes, B. S., D. P. Schmitt, and K. R. Barker. 1992. Fertility of three biotypes of 

Heterodera glycines. Phytopathology 82: 999-1001. 

Slack, D. A., and Hamblen, M. L. 1961. The effect of various factors on larval emergence 

from cysts of Heterodera glycines. Phytopathology 51: 350-355. 

Smith, G. S., Nilblack, T. L., and Minor, H. C. 1991. Response of soybean cultivars to 

aldicarb in Heterodera glycines-infested soils in Missouri. Journal of Nematology 23: 

693-698. 

Smolik, J. D., and Draper, M. A. 1998. Soybean Cyst Nematode. Cooperative Extension 

Service, South Dakota State University.  



121 

 

 

Smolik, J. D., and J. L. Dodd. 1983. Effect of water, nitrogen, and grazing on nematodes 

in a shortgrass prairie. Journal of Range Management 36:744–748. 

Soystats: a reference guide to important soybean facts and figures. The American Soybean 

Association, online ed. [http://www. http://soystats.com/wpcontent/ uploads/SoyStats-

2015. 

South Dakota soybean organization. https://www.sdsoybean.org. Accessed on August 

2017. 

Spears, J. R. 1955. Information regarding the soybean cyst nematode. An information 

sheet issued by Mr. Spears of the USDA, ARS, Plant Pest Control Branch, July 29, 1955. 

Stevnbak, K., Maraldo, K., Georgieva, S., Bjornlund, L., Beier, C., Schmidt, I. K., and 

Christensen, S. 2012. Suppression of soil decomposers and promotion of long-lived, root 

herbivorous nematodes by climate change. European Journal of Soil Biology 52:1–7. 

Stirling, G. R., and Stirling, A. M., 2003. The potential of Brassica green manure crops 

for controlling root-knot nematode (Meloidogyne javanica) on horticultural crops in a 

subtropical environment. Australian Journal of Experimental Agriculture 43: 623–630. 

Studham, M., MacIntosh, G. C., Avendaño, F., Soh, D., and Tylka G. L. 2009. The 

soybean resistance gene Rag1 does not protect against soybean cyst and root-knot 

nematodes. Online. Plant Health Progress doi:10.1094/PHP-2009-0401-01-BR. 

http://soystats.com/wpcontent/
https://www.sdsoybean.org/


122 

 

 

Sultana, N., Akhter, M., Saleem, M., and Yousafand, A.Y. 2011. Nematicidal effect of 

Acacia nilotica and Gymnema sylvestris against second stage juveniles of Meloidogyne 

incognita. Journal of Entomology and Nematology 3: 25–29. 

Taylor, C. 2017. Biocontrol activity of Pseudomonas strain: From genome sequencing to 

mode of action study. Phytopathology 107: S1.1.  

Tefft, P. M., and Bone, L. W. 1985. Plant-induced hatching of eggs of the soybean cyst 

nematode Heterodera glycines. Journal of Nematology 17:275-279. 

Tefft, P. M., Rende, J. F., and Bone, L.W. 1982. Factors influencing egg hatching of the 

soybean cyst nematode Heterodera glycines race 3. Proceedings of the Helminthological 

Society of Washington 49: 258-265. 

Thomas, G. A., Derksen, D. A., Blackshaw, R. E., Van Acker, R. C., Légère, A., Watson, 

P. R., and Turnbull, G. C. 2004. A multi-study approach to understanding weed 

population shifts in medium-to-long-term tillage systems. Weed Science 52: 874-880. 

Thomas, S. H., Schroeder, J., and Murray, L. W. 2005. The role of weeds in nematode 

management. Weed Science 53: 923-928. 

Tian, F., Wang, Y., Zhu, X., Chen, L., and Duan, Y. 2014. Effect of Sinorhizobium fredii 

strain Sneb183 on the biological control of soybean cyst nematode in soybean. Journal of 

Basic Microbiology 54:1258-1263. 



123 

 

 

Timchenko, L. S., and Maiko, T. K. 1989. Nematicidal properties of plants—antagonists 

of nematodes of decorative plants. Byulleten’ Vsesoyuznogo Instituta Gel’mintologiiim. 

K. I. Skryabina 50: 81–84. 

Toyota, K., Goto, K., and Ito, D. 2013. Effect of bean sprout residue on the hatching and 

density of the soybean cyst nematode Heterodera glycines in the soil. Nematology 15: 

923- 929. 

Triantaphyllou, A., and Hirschmann, H. 1962. Oogenesis and mode of reproduction in the 

soybean cyst nematode, Heterodera glycines. Nematologica 7: 235-241. 

Tylka, G. 2012. Soybean cyst nematode, field guide. Iowa State University Extension. 

https://store.extension.iastate.edu/product/12854. 

Tylka, G. L. 2008. Use of resistant varieties for SCN management. Pages 11-18 in: 

Proceedings of 4th National Soybean Cyst Nematode Conference. Tampa, FL. 

Tylka, G. L., and Marett, C. C. 2014. Distribution of the soybean cyst nematode, 

Heterodera glycines, in the United States and Canada: 1954 to 2014. Plant Health 

Progress. Doi: 10.1094/PHP-BR-14-0006. 

Tylka, G. L., and Mullaney, M. P. 2015. Soybean cyst nematode-resistant soybean 

varieties for Iowa. Iowa State University, University Extension, Online. 

United States Department of Agriculture, Foreign Agricultural Service. 2017. World 

Agricultural production, circular series, WAP 5-18; Table 11 Soybean area, yield and 

production, page 24. https://apps.fas.usda.gov/psdonline/circulars/production.pdf 

https://store.extension.iastate.edu/product/12854
https://apps.fas.usda.gov/psdonline/circulars/production.pdf


124 

 

 

United States Department of Agriculture, Economic Research Service. 2017-2018. Oil 

crop yearbook, soy and soybean products, table 2. https://www.ers.usda.gov/data-

products/oil-crops-yearbook/oil-crops-yearbook/#Soy%20and%20Soybean%20Products 

United States Department of Agriculture, Economic Research Service (USDA, ERS). 

2017. Genetically engineered varieties of corn, upland cotton and soybeans, by state and 

for the United States, 2000-17.  https://www.ers.usda.gov/data-products/adoption-of-

genetically-engineered-crops-in-the-us.aspx. 

United States Department of Agriculture, Economic Research Service (USDA-ERS). 

2018. Irrigation and water use. Accessed on May 5, 2018. 

https://www.ers.usda.gov/topics/farm-practices-management/irrigation-water-use. 

United States Department of Agriculture, National Agriculture Statistics Service. 2017. 

State agriculture overview, South Dakota. 

https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=SOUTH

%20DAKOTA. 

United States Global Change Research Program. 2014.  Pryor, S. C., Scavia, D., Downer, 

C.,  M. Gaden, Iverson, L., Nordstrom, R., Patz, J., and Robertson, G. P. 2014: Ch. 18: 

Midwest. Climate Change Impacts in the United States: The Third National Climate 

Assessment, J. M. Melillo, Terese (T.C.) Richmond, and G. W. Yohe, Eds., U.S. Global 

Change Research Program, 418-440. 

University of Nebraska Lincoln, CropWatch. 2018. State yield and acreage trend.  

https://cropwatch.unl.edu/soybeans/yields. 

https://www.ers.usda.gov/data-products/oil-crops-yearbook/oil-crops-yearbook/#Soy%20and%20Soybean%20Products
https://www.ers.usda.gov/data-products/oil-crops-yearbook/oil-crops-yearbook/#Soy%20and%20Soybean%20Products
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us.aspx
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us.aspx
https://www.ers.usda.gov/topics/farm-practices-management/irrigation-water-use
https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=SOUTH%20DAKOTA
https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=SOUTH%20DAKOTA
https://cropwatch.unl.edu/soybeans/yields


125 

 

 

Vandegehuchte, M. L., Sylvain, Z., Reichmann, L. G., and Tomasel, C. M. D., Nielsen, U. 

N., Wall, D. H., and Sala, O. E. 2015. Response of a desert nematode community to 

changes in water availability. Ecosphere 6: 44 http://dx.doi.org/10.1890/ES14-00319.1. 

Venkatesh, R., Harrison, S. K., and Riedel, R. M. 2000. Weed hosts of soybean cyst 

nematode (Heterodera glycines) in Ohio. Weed Technology 14:156-60. 

Vrain, T. C. 1986. Role of soil water in population dynamics of nematodes. Pages 101- 

128 in K. J. Leonard and W. E. Fry, eds. Plant Disease Epidemiology Population 

Dynamics and Management. Volume 1. MacMillan, New York, NY. 

Vuong, T. D., Sleper, D. A., Shannon, J. G., and Nguyen, H. T. 2010. Novel quantitative 

trait loci for broad-based resistance to soybean cyst nematode (Heterodera glycines 

Ichinohe) in soybean PI 567516C. TAG. Theoretical and Applied Genetics 121:1253-

1266. 

Walker, G. E., and Morey, B. G. 1999. Effect of Brassica and weed manures on 

abundance of Tylenchulus semipenetrans and fungi in citrus orchard soil. Australian 

Journal of Experimental Agriculture 39: 65–72. 

Wallace, H. R. 1955. The influence of soil moisture on the emergence of larvae from cysts 

of the eelworm, Heterodera schchtii Schmidt. Annals of Applied Biology 43: 477- 484. 

Wang, D., Zhu, X. F., Wang, Y. Y., Luo, X., Song, P., Zhu, F., Wang, F., Chen, J. S., 

Chen, L. J., and Duan, Y. X. 2013. A reassessment of virulence phenotypes of soybean 

cyst nematode (Heterodera glycines) in China with HG typing method. Plant Disease 98: 

702.  

http://dx.doi.org/10.1890/ES14-00319.1


126 

 

 

Wang, J., Niblack, T., Tremain, J., Wiebold, W., Tylka, G., Marett, C., Noel, G., Myers, 

O., and Schmidt, M. 2003. Soybean cyst nematode reduces soybean yield without causing 

obvious aboveground symptoms. Plant Disease 87: 623-628. 

Wang, X., Meyers, D., Yan, Y., Baum, T., Smant, G., Hussey, R., and Davis, E. 1999. In 

planta localization of a β-1,4-endoglucanase secreted by Heterodera glycines. Molecular 

Plant-Microbe Interactions 12: 64-67. 

Warnke, S. A., Chen, S., Wyse, D. L., Johnson, G. A., and Porter, P. M. 2008. Effect of 

rotation crops on hatch, viability and development of Heterodera glycines. Nematology 

10: 869-882. 

Werle, R. 2012. Environmental triggers of winter annual weed emergence and 

management to reduce soybean cyst nematode reproduction on winter annual weed hosts 

(Thesis). The University of Nebraska-Lincoln.  

Werle, R., Giesler, L. J., Bernards, M. L., and Lindquist, J. L. 2015. Likelihood of 

soybean cyst nematode (Heterodera glycines) reproduction on henbit (Lamium 

amplexicaule) roots in Nebraska. Weed Technology 29: 35-41. 

Westphal A., Li, C., Xing, L., McKay, A., Malvick, D. 2014. Contributions of Fusarium 

virguliforme and Heterodera glycines to the Disease Complex of Sudden Death Syndrome 

of Soybean. PLoS ONE 9: e99529. 

Westphal, A., Xing, L. J., Pillsbury, R., and Vyn, T. J. 2009. Effect of tillage intensity on 

population densities of Heterodera glycines in intensive soybean production systems. 

Field Crops Research 113: 218-226. 



127 

 

 

Wicks, G. A., Burnside, O. C., and Felton, W. L. 1994. Weed control in conservation 

tillage systems. Pages 211–244. in Unger P.W. ed. Managing Agricultural Residues.    

Wight, J. P., Allen, F. L., Donald, P. A., Tyler, D. D., and Saxton, A. M. 2011. Impact of 

crop rotation and bio-covers on soybean cyst nematode. Online. Plant Health Progress 

doi:10.1094/PHP-2010-0930-04-RS. 

Williamson, V. M., and Gleason, C. A. 2003. Plant nematodes interactions. Current 

Opinions in Plant Biology 6: 327-333.  

Winstead, N. N., Skotland, C. B., and Sasser, J. N. 1955. Soybean cyst nematode in North 

Carolina. Plant Disease Reporter 39: 9-11. 

Winter, S. M. J., Rajcan, I., Shelp, B. J. 2006. Soybean cyst nematode: challenges and 

opportunities. Canadian Journal of Plant Science 86:25–32. 

Wong, A. T. S., and Tylka, G. L. 1994. Eight non-host weed species of Heterodera 

glycines in Iowa. Plant Dis. 78:365-367. 

Wong, A., Tylka, G., and Hartzler, R. 1993. Effects of eight herbicides on in vitro 

hatching of Heterodera glycines. Journal of Nematology 25: 578-584. 

Workneh, F., Yang, X. B., and Tylka, G. L. 1999. Soybean brown stem rot, Phytophthora 

sojae, and Heterodera glycines affected by soil texture and tillage relationships. 

Phytopathology 89: 844-850. 

Wrather, J. A., Anand, S., and Dropkin, V. 1984. Soybean cyst nematode control. Plant 

Disease 68: 829-833. 



128 

 

 

Wrather, J. A., and Koenning, S. 2006. Estimates of disease effects on soybean yields in 

the United States 2003 to 2005. Journal of Nematology 38:173-180. 

Wrather, J. A., and Koenning, S. R. 2009. Effects of diseases on soybean yields in the 

United States 1996 to 2007. Online. Plant Health Progress doi:10.1094/PHP-2009-0401-

01-RS. 

Wrather, J. A., Shannon, G., Balardin, R., Carregal, L., Escobar, R., Gupta, G. K., Ma, Z., 

Morel, W., Ploper, D., and Tenuta, A. 2010. Effect of diseases on soybean yield in the top 

eight producing countries in 2006. Online. Plant Health Progress doi:10.1094/PHP-2010-

0125-01-RS. 

Wu, H., Masler, E. P., Rogers, S. T., Chen, C., and Chitwood, D. J. 2014. Benzyl 

isothiocyanate affects development, hatching, and reproduction of the soybean cyst 

nematode, Heterodera glycines. Nematology 16: 495-504. 

Wubben, M. J. E., Jin, J., and Baum, T.J. 2008. Cyst nematode parasitism of Arabidopsis 

thaliana is inhibited by salicylic acid (SA) and elicits uncoupled SA-independent 

pathogenesis-related gene expression in roots. Molecular Plant-Microbe Interactions 21: 

424–432.  

Xing, L. J., and Westphal, A. 2006. Interaction of Fusarium solani f. sp. glycines and 

Heterodera glycines in sudden death syndrome of soybean. Phytopathology 96:763-770. 

Yan, G., Pasche, J., Markell, S. G., Nelson, B.D., and Chen, S. 2017. First detection of 

soybean cyst nematode on dry bean (Phaseolus vulgaris L.) in a commercial field in 

Minnesota. Phytopathology 107: S1.1. 



129 

 

 

Yokoo, T. 1936. Host plants of Heterodera schachtii Schmidt and some instructions. 

Korea Agricultural Experiment Station Bulletin 8:47–174. 

Young, L. D. 1987. Effects of soil disturbance on the reproduction of Heterodera glycines. 

Journal of Nematology 19: 141–142. 

Young, L. D. 1996. Yield loss in soybean caused by Heterodera glycines. Journal of 

Nematology 28:604-607. 

Young, L. D., and Hartwig, E. E. 1992. Cropping sequence effects on soybean and 

Heterodera glycines. Plant Disease 76:78-81.  

Youssef, R. M., Kim, K.-H., Haroon, S. A., and Matthews, B. F. 2013. Post-transcriptional 

gene silencing of the gene encoding aldolase from soybean cyst nematode by transformed 

soybean roots. Experimental Parasitology 134: 266-274. 

Yu, Q. 2011. Soybean cyst nematode (Heterodera glycines Ichinohe). In H. H. El- Shemy, 

ed. Soybean Physiology and Biochemistry. ISBN: 978-953-307-534-1. 

Zasada, I.A., and Ferris, H. 2004. Nematode suppression with brassicaceous amendments: 

application based upon glucosinolate profiles. Soil Biology and Biochemistry 36: 1017–

1024. 

Zasada, I. A., Meyer, S. L. F., Halbrendt, J. M., and Rice, C. P. 2005. Activity of 

hydroxamic acids from Secale cereale against the plant-parasitic nematodes Meloidogyne 

incognita and Xiphinema americanum. Phytopathology 95:1116-1121. 



130 

 

 

Zhang, L., Liu, X., Zhu, S., and Chen, S. 2006. Detection of the nematophagous fungus 

Hirsutella rhossiliensis in soil by real-time PCR and parasitism bioassay. Biological 

Control 36: 316-323. 

Zheng, J., and Chen, S. 2011. Estimation of virulence type and level of soybean cyst 

nematode field populations in response to resistant cultivars. Journal of Entomology and 

Nematology 3: 37- 43. 

 


	South Dakota State University
	Open PRAIRIE: Open Public Research Access Institutional Repository and Information Exchange
	2018

	Evaluation of Alternative Weed Hosts and Management Strategies for Soybean Cyst Nematode in South Dakota
	Pawan Basnet
	Recommended Citation


	tmp.1534442204.pdf.jG4GE

