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ABSTRACT 

Wheat streak mosaic virus (WSMV), vectored by the wheat curl mite, Aceria 

tosichella Keifer, (WCM) is one of the major limiting factors in production of wheat 

(Triticum aestivum L.) in the Great Plains region of the United States.  In addition to its 

direct effect on yield, the virus significantly reduces water-use efficiency, which is of 

concern in semi-arid regions such as the Texas Panhandle where irrigation water is 

limited.  Severity of wheat streak has been observed to increase during years of severe 

drought, possibly because of greater abundance of mites.  Other mite species also have 

been reported to increase in numbers on drought-stressed plants.  In the Texas Panhandle, 

much of the wheat crop is irrigated, but because of depletion of the water in the Ogallala 

Aquifer, less than the full amount of water required for production of crops often is 

applied.  Over time wheat lines have been bred to tolerate drought conditions in areas 

with scarce rainfall.  However, little is known of the optimal reproductive capability of 

wheat curl mite under deficit irrigation in a wheat field and its impact related to disease 

severity.  Therefore, field studies were done using two wheat cultivars, Karl 92 

(susceptible) and TAM 112 (tolerant), at three amounts of irrigation (33, 67, and 100% of 

potential evapotranspiration rate) at the Texas A&M AgriLife Research Station, at 

Bushland, TX, in 2013 and 2014.  Numbers of mites, severity of disease and soil 

moisture content were evaluated for each cultivar and amount of irrigation water applied.  

Overall, mite numbers increased as irrigation amounts decreased (R² = 0.5077, P = 

0.0009).  Also, there was a slight but significant positive correlation between severity of
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disease and soil moisture (R² = 0.3307, P = 0.0125).  Studies in a greenhouse assessed 

abundance of wheat curl mite and incidence of wheat streak mosaic.  More wheat curl 

mites were found in the 33 and 67% water-replacement treatments for the TAM 112 

cultivar.  These results showed that under deficit irrigation, the wheat curl mites 

increased in abundance, which in turn resulted in increased disease incidence and reduced 

water use-efficiency, leaving unused water in the soil.  Irrigation of mite-infested wheat 

can result in wasted water in regions where water is limited.   

 In a second study, mixtures of TAM 112 and TAM 111 were evaluated for their 

impact on incidence of WSM and WCM.  Initially bred for tolerance to drought, TAM 

112 has shown resistance to wheat curl mite and tolerance to Wheat streak mosaic virus 

under drought conditions in the field.  Because TAM 112 is the only drought-tolerant 

cultivar in the Great Plains region, with recognized resistance to WCM and WSMV, new 

methods of control are essential.  Use of wheat mixtures with cultivars TAM 112 for 

resistance to WCM and TAM 111 for resistance to rust, offers promise to maximize 

yields in the presence of both the mite and leaf rust.  Therefore, five mixtures of TAM 

111 (susceptible) and TAM 112 (tolerant) wheat (25% TAM 112: 75% TAM 111; 50% 

TAM 112 and TAM 111; 75% TAM 112: 25% TAM 111; 100% TAM 111; and 100% 

TAM 112) were evaluated in 2013 and 2014 in fields at the Texas A&M AgriLife 

Research Station, Bushland, TX, for their impact on the spread of WCM and incidence of 

disease.  Number of mites and incidence of disease were evaluated among cultivar 

mixtures in the field.  Numbers of WCM increased over time in response to warmer 

spring temperatures (P < 0.0001), with a significant decrease in WCM at distances farther 

from the point of infestation (P < 0.0001).  Results from greenhouse studies, in 
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conjunction with the field studies also revealed a significant increase in mite numbers 

over time as well (P < 0.0001).  The number of mites over distance and time were 

significantly less on 100% TAM 112, with a noticeable trend in increasing numbers of 

mites within decreasing percentages of this resistant variety.  These results showed that 

TAM 112 can limit the spread of wheat curl mite throughout the field and has potential to 

do so in a cultivar mixture.   
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Chapter I 

Literature Review 

Deficit-irrigated wheat and water-use efficiency 

 Wheat (Triticum aestivum L.) grown throughout the Great Plains region of the 

United States is predominantly hard red winter wheat.  The United States Department of 

Agriculture (USDA) has outlined nine wheat production zones in the United States, 

divided according to the ability of a variety to adapt to environmental conditions and the 

characteristics reflected by the adaptations (Carver et al. 2001).  These zones are also 

separated with respect to elevation and average annual rainfall.  As rainfall decreases 

from east to west, a hardy winter wheat with the ability to thrive in drought conditions 

and against the threat of disease is needed.  The Texas Panhandle is considered Zone 

Eight with an average annual rainfall of 56 cm, according to the USDA agriculture 

statistics (NRCS 2014; USDA 2012).   

 The main source of groundwater in the Great Plains is the Ogallala Aquifer.  This 

aquifer extends from the southern portion of South Dakota down through Nebraska, 

portions of Colorado, Kansas, Oklahoma, and New Mexico, ending up in the Texas High 

Plains (Natural Resources Conservation service (NRCS), Fig 1).  The aquifer runs under 

approximately 90649.58 km² of the Texas High Plains, and irrigation of crops is 

responsible for 95% of the total water used from the aquifer (Knowles 1984).  The soil
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layer in the Ogallala Aquifer is composed of sand, gravel, clay and silt (Dutton et al. 

2001).  This results in a slow infiltration rate with a recharge of only 2.5 cm of annual 

precipitation reaching the water table.  The greatest infiltration rates are in areas of sandy 

soils and in playa-lake basins.  Because of excessive depletion of the water in the 

Ogallala Aquifer, farming practices have been changed to reduce withdrawals of 

groundwater.  On the High Plains, the recharge rate is still  ̄ 0.512 m (Texas Water 

Development Board 2013).   

 Tillage has an important impact on retaining soil moisture in the Texas 

Panhandle, with conservation tillage becoming a common practice.  A moist seedbed 

during planting ensures more uniform emergence of seedlings, helping certain wheat 

cultivars withstand drought, pests and pathogens that affect wheat crops on the Texas 

High Plains.  To reduce the amounts of moisture and essential nutrients lost from the soil, 

a common conservation tillage practice in the semi-arid climate of the Texas Panhandle is 

no-till, with a fallow rotation.  Evaporation rate can be great because of hot, dry and often 

windy conditions, but increasing the amount of crop residue left in the field can help 

lessen the evaporation rate.  This increases the amount of moisture available for plant 

uptake from the soil (Unger et al. 1991).  Although conservation tillage in dryland 

farming can help greatly, irrigation is essential for the production of maximum yields and 

high-quality biomass.  With the limited rainfall in this region, irrigation is a necessity.     
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Fig. 1.  Anonymous.  20 January 2015.  Weathering drought: Farmers and ranchers see a 

successful harvest despite weather.  www.nrsc.usda.gov  
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 Large amounts of groundwater were being pumped for agricultural use in the mid-

1900s.  Use of irrigation increased at a rapid rate during the 1950s, with a brief decrease 

between 1986 and 2004 (Colaizzi et al. 2008).  Monitoring evapotranspiration (ET) rate 

and crop water use efficiency (WUE) have been some of the primary guiding tools during 

irrigation that can lead to reduction in withdrawals of water from the aquifer.   

 One way WUE was improved was by changing from flood irrigation to a low-

energy precision application (LEPA) system.  Introduction of LEPA allowed for water to 

be applied directly to the furrows evenly without having to account for environmental 

variables such as the slope of the land or the length of the run (Lyle and Bordowsky 

1980).  Application efficiency in a center pivot irrigation system with low-pressure drop 

nozzles is rated around 85% versus a well-maintained boarder irrigation that is only 60% 

when most effective (Brown 2008).  However, watering a crop at unnecessary times can 

lead to signs of stress, overwatering or under watering, which by that time damage to the 

crop has already occurred.  Irrigation scheduling and deficit irrigation have been used to 

avoid this situation.  

  Both irrigation scheduling and deficit irrigation have been studied as ways to slow 

depletion of water from the Ogallala Aquifer, while still producing an acceptable crop 

yield.  Scheduling irrigation based on changes in weather was first introduced by Jensen 

(1970) who stated that irrigation practices did not account for the change in weather 

pattern.  However, Musick (1991) discussed the importance of focusing more on deficit 

irrigation than on irrigation frequency.  Under high-frequency deficit irrigation, reducing 

irrigation application by half of the potential ET replacement can be used efficiently in a 

management strategy (Miller and Hang 1982; Musick 1991).   
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 Deficit irrigation strategies on drought-tolerant plants have shown that irrigation 

at the proper growth stage can increase WUE by 1.2 times that of regular irrigation 

methods (Kirda 2002).  Physiological responses of wheat under deficit irrigation showed 

that WUE and yield increased significantly under deficit irrigation between jointing and 

anthesis, when compared to rainfed treatment (Xue 2006).  Plant biomass at maturity and 

grain yield were shown to be correlated to seasonal ET.  In addition, the most WUE for 

winter wheat was obtained from cutting off irrigation after the flowering stage.  With an 

average range of 0.581 to 1.894 kg m¯³ the WUE, after discontinuing irrigation, was 

increased more than one-half compared to full irrigation (Nasseri and Fallahi 2007).  This 

agrees with the work done by Schneider et al. (1969) with spring irrigation of winter 

wheat on the Texas High Plains, in which the most critical irrigation period was booting 

through early grain filling.  This study demonstrated that well-timed irrigations were 

more efficient in increasing yield than were poorly-timed irrigations.  In addition to 

physiological responses under deficit irrigation, assessment of the soil water profile 

during different stages of plant growth is another way to measure WUE.  

 Researchers have determined recharge rates, changes in soil water content, ET 

and WUE that can be measured by a neutron probe (Evett et al. 2012; Gaze et al. 2002; 

Klemt 1981).  This device measures the volumetric soil water content by emitting neutron 

particles slowed by the hydrogen nucleus in water molecules in a process called 

thermalization.  The neutron probe is composed of two parts, a shield encasing the probe 

and a counting system.  The probe is a sealed metallic cylinder containing a radioactive 

source that emits fast neutrons, a slow neutron detector, and a pre-amplifier which 

combined sends a signal through a 5- to 20-m cable to the counting system (Kodikara et 
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al. 2013).  The probe is lowered into the soil by way of an aluminum access tube and a 

depth control stand (Fig. 2).  Other materials, such as different plastics have been used, 

but they decrease the precision of the calibration as opposed to aluminum which is nearly 

transparent to neutrons (Evett 2003).  The measurement of slowed neutrons per unit of 

time is captured and expressed as a ratio over a volume of soil (Visvalingam and Tandy 

1972).  The use of a neutron probe to measure soil moisture has been of much use to 

agricultural research for the last 65 years (Belcher et al. 1950, Van Bavel et al. 1956).   

The proper use of the neutron probe is dependent on an accurate calibration curve, 

especially in varying soil types (Vachaud et al. 1977).  Calibration curves made to 

account for varying soil types are expressed as a linear relationship between counts per 

minute and percentage of moisture by volume.    

 A variety of different methods of measuring soil water content have been used, 

and most fall short of the precision of the neutron scatter method.  Gravimetric sampling 

of soil water content is one method that has been compared with the use of neutron 

probes.  There are limitations with this method; they include the inability to obtain 

reliable measurements from greater depths without increased time, labor and money.  The 

advantages of using the neutron probe greatly outweigh the disadvantages.  Any reading 

with the neutron probe takes the same amount of time regardless of depth and is only 

limited by the length of the cable.  Readings by the probe as opposed to gravimetric 

sampling can be repeated in a non-destructive way at the same site.  Another advantage 

of the neutron probe is the ability to detect rapid changes in the soil moisture throughout 

the seasons, even in frozen ground, in a larger volume of soil, allowing for more reliable 

measurements (Chanasyk and Naeth 1996).  With all of these advantages, the neutron 
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probe measurements have helped in irrigation scheduling as well (Clark and Biggs 1987).  

Monitoring the soil moisture at the time of planting is also important to ensure proper 

tiller development.  Planting date for a wheat crop is another important factor in 

determining the outcome of yield and biomass for forage.  Early planting of wheat 

(August to September) may reduce available water in the soil for spring growth, in 

opposition to late planting (November) conserving soil moisture (Shaffer 2007).     

   

 

Fig. 2.  Cross-section of a neutron moisture meter placed on top of a depth-control stand 

for balance.  The access tube is inserted into the soil at a desired depth to accommodate 

the length of the cable.  Evett, S. R. 2003. Soil water measurement by neutron 

thermalization. Pages 889-893 in: Encyclopedia of Water Science. 
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 A study at Kansas State University found that tiller development and plant 

survival rate were directly related to planting date (Thiry et al. 2002).  Fall tiller 

emergence on 15 November and 30 November had a high rate of survival of 100%.  The 

early tiller emergence on 12 October and 18 October had a low survival rate of 46 and 

65%, respectively.  The early planting date of 28 September resulted in intense 

competition for nutrients among the thriving tillers, leading to a low harvest index.  

However, planting wheat by this date would be ideal for grazing during the winter.  The 

fall tillers of the 11 October planting date produced 69% of the grain yield and on 28 

October, the spring tillers were important, producing 56% of the total grain yield.  Few 

tillers were produced from wheat planted on 13November and consisted of shoots in the 

fall.  Based on this study, the ideal planting date for grain production would occur in 

early October.  A planting date study of winter wheat under dryland conditions yielded 

similar results (Nleya 2014).  It was concluded that early and medium-maturing wheat 

had an optimal planting period ranging between 7 September and 19 October for 

maximum yield.  Later planting resulted in decrease in yield at rates of 0.54, 0.50 and 

0.44kg ha¯¹ day¯¹ for early, medium- and late-maturing cultivars of wheat, respectively 

(Nasseri and Ali Fallahi 2007).  Considering the optimal planting date with respect to 

maximum potential for both forage and grain yield, planting early is more profitable 

when the wheat forage is relatively valuable (Hossain et al. 2003).  The study found that 

when forage and grain prices were high, the optimal planting date is mid to late-

September.  All of these studies showed that planting in early fall increases yield 

potential.  The downside to planting early is that this can provide arthropod pests and 

pathogens, from surrounding volunteer wheat and native grasses, with a new wheat host 
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right after crop emergence.  Irrigation scheduling, monitoring WUE with specialized 

equipment and optimal planting date to obtain maximum forage and grain yield are only 

part of what makes a successful wheat crop.  Breeding wheat for certain characteristics is 

essential to combat biotic and abiotic stresses.   

Wheat breeding:  tolerance and resistance 

 Hard red winter wheat cultivated in the Great Plains region of the United States 

was created from introduced germplasm originating from Europe (Cox 1991).  ‘Turkey’ 

was a cultivar introduced in 1874 from Ukraine that established the genetic base for all 

hard red winter wheat in the United States; it has winter hardiness and tolerance to 

drought conditions (Schmidt 1974).  Since then, various lines have been created to 

tolerate the harsh winter and drought conditions that affect much of the hard red winter 

wheat-growing regions in the Great Plains.  In the 1960s, cultivar ‘Scout’, a descendant 

of Turkey, was introduced in Nebraska and became the leading cultivar by 1969.  About 

the same time, semi-dwarf varieties were created from the Seu Seun 27 (Korea) dwarfing 

gene for irrigation conditions on the High Plains (Reitz and Lebsock 1972).  The 

development of semi-dwarf cultivars will continue to dominate the hard red winter wheat 

region because of their superior WUE.  Other advancements have been made to improve 

WUE and adaptation to the Great Plains region, such as modification to reduce leaf area, 

thus increasing tolerance to drought (Bonjean and Angus 2001).   

 One of the biggest challenges for breeders in developing cultivars adapted to the 

Great Plains is incorporation of resistance to arthropod pests and the pathogens they 

vector.  Kansas State University started a wheat breeding program in the 1930s that 
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focused on development of varieties with resistance to plant pests.  Painter (1960) stated 

three mechanisms of resistance to arthropod pests -- non-preference, antibiosis, and 

tolerance.  Non-preference is the response of an insect to particular characteristics of a 

plant that leads them away for oviposition, food, and shelter.  Antibiosis is a chemical 

response of the plant that injures or destroys the insect.  Tolerance is described as the 

ability of a plant to grow and repair itself amid a damaging level for a susceptible host.  

They realized that breeding plants with resistance to pests would be an inexpensive way 

to increase yield.  However, this created a monoculture in crops, and over time, the pests 

overcame the resistance (Browning and Frey 1969; Mundt 2002).   

 Genetic diversity in small grain crops is a necessity to prevent an influx of 

damaging pests and pathogens.  Van der Plank (1963) introduced the concept of 

horizontal and vertical resistance in plant disease epidemiology, focusing mainly on races 

of fungal pathogens.  Vertical resistance, single gene resistance, is the development of 

new lines of crops with a single resistance gene targeting specific pest and/or pathogens, 

which pests often overcome by changing over time.   

 An example of a pest overcoming resistance is the wheat cultivar TAM 107, 

originally bred for resistance to drought and greenburg [Schizaphis graminum, 

(Rondani)] (Porter et al. 1987).  This cultivar was the first to be shown effective in 

resisting the WCM with the translocation of ‘Amigo’ 1A/1R from rye (Harvey and 

Martin 1988; Sebesta et al. 1994; Wood et al. 1995).  However, it was reported a decade 

later that the WCM increased in virulence in the area predominantly occupied by TAM 

107 (Harvey et al. 1997).  This prompted a study of various WCM-resistant cultivars to 

evaluate their effectiveness.  Two of seven lines tested were found to be resistant to all 
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virulent biotypes of WCM collected from across the Great Plains.  Varieties with single 

gene resistance were overcome more easily by the WCM than were the lines with 

multiple resistance genes (Harvey et al. 1999).  Another cultivar reported to have a single 

gene, Cmc3, that confers resistance to the WCM is TAM 112, which was initially bred 

for drought tolerance (Dhakal 2014).  This cultivar has proven effective against the WCM 

and WSMV when compared to other cultivars such as Mace, a hard red winter wheat 

(Greybosch et al. 2009).  TAM 111 (Lazar et al. 2004) was found to have the largest virus 

titer and WCM numbers throughout the study.  This cultivar was used because of its 

resistance to wheat leaf rust (Puccinia triticina Eriks) with great yield potential, has been 

shown to be only moderately susceptible to WSMV (Lazar et al. 2004), but could prove 

useful in a cultivar mixture with a resistant variety to lessen the selection pressure on a 

resistant variety such as TAM 112 (Browning and Frey 1969; Mundt 2002; Parlenvliet 

and Zadoks 1977; Van der Plank 1963).             

 Horizontal resistance is the concept of breeding near-isogenic lines into a single 

cultivar (multiline) to target a wide range of pathogens.  However, another way to 

introduce genetic diversity in a cropping system is by mixing an agronomically superior 

cultivar with an inferior cultivar that expresses a resistant genotype (Castro 2001).  As a 

larger percentage of a resistant genotype is incorporated into a susceptible variety, the 

disease will logarithmically decrease (Garrett and Mundt 1999).  Cultivar mixtures can 

also be used to reduce pest frequency and disease severity on a resistant variety, slowing 

the change in virulence of the pest or pathogen (Browning and Frey 1969; Mundt 2002; 

Parlenvliet and Zadoks 1977).   
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 Four mechanisms in a mixture of cultivars can help reduce the rate at which a 

pathogen progresses throughout a field -- dilution effect, barrier effect, induced 

resistance, and modification of the microclimate.  The dilution and barrier effects provide 

distance between cultivars that harbor susceptible genes, with the line containing the 

resistant gene acting as a barrier (Castro 2001).  This allows for genetic diversity among 

the cultivars as well as the pathogens.  The percentage of host-diversity depends greatly 

on the decrease in disease in the susceptible variety being larger than the increase of 

disease in the resistant variety (Garrett and Mundt 1999).   

 The concept of using cultivar mixtures to control fungal pathogens of wheat has 

been widely examined throughout the years.  The efficacy of using cultivar mixtures was 

suggested to reduce severity of leaf rust as opposed to pure stands of a single wheat 

cultivar (Mahmood 1989).  Furthermore, cultivar mixtures to reduce the intensity of leaf 

stripe rust caused by Puccinia striiformis Westend., resulted in a significant range in 

reduction from 22.5 to 33.4% (Huang et al. 2011).  However, using mixtures to control 

wheat viruses has been limited.  Cultivar mixtures to control Soil-borne wheat mosaic 

virus, transmitted by Polymyxa graminis Led., using susceptible and resistant varieties 

were shown to be inconclusive (Hariri et al. 2001).  Further studies are needed in this 

area, but this approach could be applied to control insect pests as well as viral pathogens 

of wheat.      
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Wheat curl mite 

 A variety of pests can affect a wheat crop in the Great Plains region.  Aphids 

(Aphididae), Hessian fly [Mayetiola destructor (Say)] and the WCM) are just a few 

examples of arthropod pests that have had devastating effects on wheat crops in the past. 

 Aphids, which can be extremely damaging by themselves, also transmit Barley 

yellow dwarf virus (BYDV), which has been reported to cause yield losses from 34-67% 

(Herbert et al. 1999; Jensen and D’Arcy 1995; Pike 1990; Yount et al. 1985).  Fall 

infections by BYDV are more severe than spring BYDV infections (Cisar et al. 1982).  

Yield loss from this disease can be reduced by vector management, which can be 

accomplished with appropriate use of insecticides or biological control.  The classes of 

insecticides that have been approved to control aphid are organophosphates, carbamates, 

and pyrethroids (Dewer 2007).  More recently, new chemistries, such as diamides that are 

ryanodine receptor modulators, have been successfully used for aphid management 

(CDMS; IRA 2014).  To lessen the use of these chemicals, beneficial insects are used to 

help manage the abundance of aphids.  Such beneficials are:  ladybird beetles 

(Coccinellidae), hover flies (Syrphidae), lacewings (Chrysopidae), and aphid flies 

(Chamaemyiidae) (Wolfgang et al. 2007).   

 The Hessian fly infests wheat in parts of central Texas, damaging the plant by 

causing lodging, stunted tiller growth and darkening of leaves; the damaged leaves turn 

dark green and can be easily overlooked at times (Morgan et al. 2005).  An effective 

method of control is the use of in-furrow systemic insecticide against fall Hessian fly 

infestation, but this is ineffective for spring infestations (Buntin 1992).  Wheat planted 
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early can host several generations of the fly in the fall.  This is possible because of 

delayed emergence in the spring (Morgan et al. 2005).  The most prominent strategies for 

controlling Hessian fly are delayed planting (some areas have “fly-free” planting dates) 

and destroying volunteer wheat.   

 One of the most common pests in the Great Plains region is the WCM.  When 

abundant, the WCM itself can damage wheat, but primarily it is an important pest 

because it vectors WSMV.  Effective pesticides labeled for use to reduce WCM 

abundance have not been reported (Harvey et al. 1979), making the mite a difficult pest 

to manage.  Much of the literature has misidentified the pestiferous WCM as Aceria 

tulipae (Keifer), which was named a species of the family Eriophydae, exclusive to 

onions and garlic, but was thought to be the same mite identified as a pest of grasses 

(Keifer 1952).  This caused others to reexamine the mites that were occurring on these 

plant species.  Morphological differences were found between the species of mite found 

on bulbs, A. tulipae, and the mite found on grasses, described at the time as A. tritici 

(Shevchenko et al. 1970).  Keifer described mites on grasses in Yugoslavia as A. 

tosichella.  After decades of confusion, it was suggested that A. tulipae be the name for 

mites on bulbs and A. tosichella be exclusively used to describe mites on grasses (Baker 

et al. 1996; Harvey et al. 1995a; Harvey 1995b; Harvey and Livers 1975), with the latter 

noted as a vector for Wheat streak mosaic virus (WSMV) (McKinney 1937).  What led to 

the misidentification and confusion was the similarity between the two species and the 

difficulty in correctly identifying them.  The internal structure of A. tulipae was viewed 

using electron microscopy (Whitmoyer et al. 1972), revealing greater detail of the genital 

region and the articulation of the extremities, which is one of the key differences between 
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A. tulipae (seven rays on the empodium) and A. tosichella (eight rays on the empodium).  

Other differences include dorsal shield length and pattern, number of dorsal annuli and 

body length (Halliday 2004).  The WCM has two nymphal instars for four to five days 

before adulthood, and a complete cycle from egg to egg is eight to ten days.  The WCM 

is cigar-shaped and ranges in size from 98-250 µm in length.  The reproductive capability 

of the WCM is 12-20 eggs produced during a life cycle (Staples and Allingtion 1956).  

The separation of morphological differences of both species has been outlined to 

determine their presence in Australia; A. tulipae on bulbs and A. tosichella on grasses 

(Halliday 2004).  Furthermore, Halliday suggested that a large morphological variation 

within species could reveal cryptic species or “strains” of mites.  This resulted in closely 

examining A. tosichella as to how the cryptic species of the mites are affected by the 

different environments and how A. tosichella has taken a divergent path across the 

regions it inhabits, differing based on mitochondrial and nuclear markers along with 

slight morphological differences.   

 Genetic differences among mite populations have been found in Australia, 

suggesting the possibility that pesticide-resistant alleles were spread throughout portions 

of the continent, making it difficult to control the pest (Miller 2011).  These alleles are 

spread when males are absent, resulting in female eriophyids producing haploid males 

and diploid females by arhenotokous parthenogenesis (Helle and Wysoki 1996).  The 

mites have great potential to increase in abundance and spread pathogens across larger 

areas.   

 The method of dispersal for the WCM is by wind, allowing wheat fields to 

become infested and infected with divergent populations (Pady 1955; Slykius 1955; 
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Staples and Allington 1956).  Aerial dispersal also allows mites to over-summer on native 

grasses and volunteer wheat, and then relocate to winter wheat after emergence (Thomas 

and Hein 2003). 

 Different methods have been used to estimate numbers of WCM in wheat fields.  

One is by placing a collected wheat spike on a piece of sticky tape and allowing the mites 

to crawl off onto the tape (Harvey and Martin 1988).  The total number of mites is 

counted for each sample collected across the field.  The disadvantage to the sticky-tape 

method is that it requires at least two weeks for mites to travel onto the tape.  A faster 

method is counting the mites directly on the leaves or spikes (Slykhuis 1955; Staples and 

Allington 1956).  However, this method is time sensitive, and the tissue needs to be 

examined directly after collection, for an accurate count of mites before plant death and 

mite desiccation occur.  An alternative to both of these methods is the wash method 

(Price et al. 2014).  This method allows for plant samples to be stored in an ethanol 

solution and counted at a convenient time.  The wash method is especially useful when 

mite numbers are increasing in abundance, which can have a devastating effect because 

of the spread of three particular wheat viruses.      

 A. tosichella is the only known vector of the plant pathogens WSMV, Triticum 

mosaic virus (TriMV) and Wheat mosaic virus (WMoV) (McKinney 1937; Slykhuis 

1955; Seifers 1997, 2009).  A complex of these three viruses can be found in a single 

infected plant (Mahmood et al. 1998; Price et al. 2010a; Tatineni et al. 2010).  However, 

of the three, WSMV is most commonly found in single infections.  Except when WCM 

are found in very large numbers, non-viruliferous WCM have a negligible impact on 

wheat (Harvey et al. 2000).  Tracking WCM movement under different environmental 
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conditions across a field can provide a better estimate of the direction of WSMV from the 

point of infection (Workneh et al. 2009). 

Wheat streak mosaic virus and resistance development 

 WSMV is a positive-sense, single-stranded RNA virus and a member of the 

Potyviridae family (Stenger et al. 1998).  WSMV has been a major problem for the 

majority of wheat-growing areas across North America, Central America, South 

America, Europe, the Middle East, and Australia (Frost 1992; Kozlowski 2000; Makkouk 

1997; McKinney 1937; Sánchez- Sánchez 2001).  Wheat streak mosaic virus reportedly 

entered the United States from Turkey in the late 1800s (Reitz and Heyne 1944; Ross 

1969), and isolates from the US Great Plains region are more similar to the Turkish 

isolates than the Eurasian isolates (McNeil 1996).   

 Since McKinney first published his findings on WSMV in 1937, significant 

efforts have been made to detect, understand and eventually create resistance to the virus.  

WSMV causes chlorosis, streaking and a mosaic pattern on leaves, in addition to stunted 

tiller and root growth.  WSMV can be detected by enzyme-linked immunoabsorbant 

assay (ELISA) or by traditional and real-time polymerase chain reaction (PCR) (French 

1993, Mahmood et al. 1997; Sherwood 1987).  In addition, WSMV prevalence and 

severity in the field have been successfully quantified by using remote sensing 

technologies.  

 Remote sensing has been of great interest in agriculture because of the type of 

data it can produce in monitoring disease in a field.  The data are formed by capturing the 

electromagnetic reflectance of a particular physical object.  Remotely sensed data have 
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been mainly applied to large-scale projects, such as topography, infrastructure of 

highways and drainage systems.  However, this can be utilized to fit the need of 

analyzing vegetation on a smaller scale (Cambell 2007).  Few however have dealt with a 

type of remote sensing called hyperspectral imaging in plant pathology.  Bock et al. 

(2010) discussed the use of hyperspectral imaging to detect plant disease severity.  This 

type of imaging is captured by the reflected radiation from the earth’s surface, which uses 

wavelengths in the visible light (400-600 nm) or near-infrared spectrum.  A definite 

correlation between diseased wheat plants and high reflectance has been found in the 

visible light spectrum of 550 nm (Deering 1989; Mirik et al. 2011).  Workneh et al. 

(2009) used a hyperspectral radiometer to describe the existence of disease gradients 

across the field, while Mirik et al. (2011) used satellite imagery in describing the 

prevalence of WSMV in fields in several counties of the Texas Panhandle.   

 Wheat streak mosaic virus significantly reduces grain yield, plant biomass and 

WUE (Atkinson and Grant 1967; Workneh et al. 2009).  In addition to wheat, the virus 

infects a variety of plant species such as sorghum (Sorghum bicolor (L.) Moench), rye, 

(Secale cereal L.), oats (Avena sativa L.), and some perennial grasses (Coutts et al. 2008; 

Harvey and Seifers 1991).  Breeding wheat cultivars to resist the virus and the mite has 

been a major management method because of to the lack of labeled pesticides for 

commercial use.  The gene Wsm1, was discovered to be responsible for resistance to 

WSMV and transferred into wheat from wheat grass (Agropyron intermedium Beauv.) 

(Friebe et al. 1996), and PCR primers were created to help introgression of Wsm1 into 

other wheat cultivars (Talbert et al. 1996).  In 2004, a single dominant gene, Wsm2, was 

found to be the resistance conditioning factor in CO960293-2 (Huangjun et al. 2004).  
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This enabled other WSMV-resistant cultivars to be produced, most being temperature 

sensitive.   

 Temperature-sensitive resistance has been found in A. intermedium, C0960293-2 

and KS03HW-12 at or cooler than 18°C, but these varieties became symptomatic when 

exposed to warmer temperatures (Seifers 1995, 2006, 2007).  In resistant and susceptible 

varieties, the virus titer did not decrease with cooler temperatures for infected plants, and 

symptomatic expression was only muted in a variety bred for drought tolerance, TAM 

112, suggesting that once a plant was infected it could not recover, no matter the 

temperature or the cultivar (Price et al. 2014).  
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Chapter II 

Impact of Deficit Irrigation on Abundance of Wheat Curl Mite  

Introduction 

 Many varieties of wheat are grown throughout the world, serving as a significant 

food source.  The Great Plains of the United States is one of the largest wheat production 

regions in the world.  Approximately 23 million hectares of wheat valued at $6.11 per 

bushel were planted in 2014 (USDA, NASS 2014).  According to the Texas Department 

of Agriculture, Texas is sixth in the nation for wheat and wheat-related products at 

approximately $286 million in commodity exports.  In the southern portion of the Great 

Plains, irrigation is a necessity for maximum crop production, and in recent years the 

awareness of the Ogallala Aquifer depletion has promoted growers to reduce the amount 

of irrigation.   

 Winter wheat is used as a dual-purpose crop, for both grazing and grain 

production in the Texas Panhandle, and is generally planted between early September to 

mid-October , and harvested from mid-June to early July.  Planting early increases forage 

and grain yield, with tiller development directly affecting yield (Thiry et al. 2002).  

During hot, dry conditions, tiller development will be sparse, leading to low yield, so 

planting date needs to coincide with sufficient soil moisture to allow seedlings to 

germinate.  A field that is well watered at the time of planting will help ensure good
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crop germination, growth and yield.  However, planting early exposes wheat to unwanted 

pests and pathogens they vector.   

 The wheat curl mite (WCM, Aceria tosichella Keifer) is a major problem for 

wheat producers across the American Great Plains (McKinney 1937).  This microscopic 

mite transmits WSMV, Wheat mosaic virus (WMoV formerly High Plains virus), and 

Triticum mosaic virus (TriMV).  No insecticides have been labeled effective against 

WCM, and only proactive advice is given to growers to prevent WCM from increasing to 

devastating numbers; destroy volunteer wheat and choose a late planting date to avoid 

infestation during the warm fall months.   

 The WCM is an eriophyid mite that ranges in size from 50 to 250 microns, 

depending on growth stage (Halliday 2004).  Numbers of mites can range from one or 

two to a few thousand on a single tiller.  When mite numbers become too large, or 

conditions become unfavorable, mites will crawl to the top of tillers and be dispersed by 

wind across fields (Staples and Allingtion 1956).  The life span of the WCM ranges from 

approximately 8 to 10 days and an individual mite can produce as many as 20 eggs in its 

lifetime.  Volunteer wheat and native grasslands that can harbor future generations of 

WCM serve as a “Green Bridge” from which the mites will eventually make their way to 

newly planted wheat.   

 Of the three viruses transmitted by the WCM, WSMV is the most prevalent 

throughout the Great Plains.  It can have a devastating effect on wheat crops and under 

optimum conditions for disease development, can lead to 100% yield loss (Atkinson and 

Grant 1967).  Although most commercially available cultivars are susceptible to WSMV, 
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some cultivars of wheat have resistance to the virus.  Wsm 1 and Wsm 2 are two genes 

found to confer resistance to WSMV (Friebe et al. 1996; Huangjun et al. 2004).  Dhakal 

(2014) found the gene Cmc3 in TAM 112 that confers resistance to the WCM.  In a 

greenhouse experiment, TAM 112 showed a greater degree of resistance than did Karl 92 

to the WCM and WSMV (Price et al. 2014).   

 Most cultivars with resistance to both WSMV and the WCM are currently 

unavailable to farmers, and little is known about how these cultivars impact WCM 

abundance under deficit irrigation of wheat.  It has been noted that an increase in WSMV 

occurs in years of severe drought.  Therefore, a two-year field study assessed the impact 

of deficit irrigation on the abundance of wheat curl mites and subsequent disease 

development incidence within a resistant and susceptible variety of wheat.    

Materials and Methods 

Field Experiments 

Experimental design and sample collection methods 

 An experiment with a randomized block design was done on a 2.66-ha wedge, 

under a center pivot on the USDA-Conservation and Production Research Laboratory 

South Section at Bushland, TX, during the 2012-2013 and 2013-2014 growing seasons.  

A strip, 1.5 m in width, of susceptible Karl 92 was planted on 23 July 2012 and 2013 

along the southern edge of the pivot to ensure natural infestation by WCM and to serve as 

a point for initiation of a natural disease gradient.  Three randomized blocks of TAM 112 

and Karl 92, 36.5 m in width, were planted on 10 September 2012 and 26 September 

2013, perpendicular to the trap strip.  The center pivot was fitted with appropriate nozzles 
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to deliver three potential evapotranspiration (PET) replacement treatments, 100, 67 and 

33% (subplots), which were randomized within each main plot cultivar block.  Sample 

transects of two to three 1-m-square plots, within each water treatment, were spaced at 

1.5, 47.2, and 77.7 m away from the trap strip (Fig. 3).   

 In both growing seasons, neutron access tubes for measurements of volumetric 

water content of the soil were placed in each plot.  In the 2012-2013 growing season, six 

flags were placed at 0.3-m distance around the tube, and one individual leaf was collected 

from each flagged area for sampling of virus incidence to be tested by ELISA.  Samples 

for WCM numbers were collected from meter-square plots four rows east of each neutron 

access tube.  Plant tissue samples were collected every two weeks, starting 8 February 

2013 and 26 February 2014, for virus incidence and mite population counts.  Six flags 

were placed at 30.5 cm distance around each neutron access tube for virus incidence 

sampling.  This arrangement was intended to facilitate evaluation of the relationship 

between volumetric water content and virus incidence.  An individual leaf was collected 

from each of the six flagged areas and processed by ELISA.  The number of leaves 

collected in 2013-2014 was reduced to four individual leaf samples.  Plant tissue samples 

for WCM were collected from meter-square plots four rows east of each neutron access 

tube.  Five tillers were randomly selected within each meter square for WCM numbers, 

starting at the southwestern corner and collecting in a diagonal to the northeastern corner.  

This was to account for the southeastern to southwestern wind direction during the 

spring, which was monitored by an on-site weather station (HOBO data logger, Bourne, 

MA).  Wind direction was averaged between collection dates to estimate the prevailing 
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winds.  Once wheat plants reached 10.5 on the Feekes scale, the spikes were collected 

instead of tillers were collected to count mites. 

 Soil moisture content measurements and deficit irrigation 

  Soil moisture content was measured in each 1.5-m plot with a neutron moisture 

meter (Model 503DR, Campbell Pacific Nuclear Inc.) by way of an aluminum access 

tube.  For the 2012-2013 growing season, measurements were taken every two weeks 

starting on 14 March 2013 and ending 23 May 2013.  The measurements for the 2014 

study year began on 27 March and continued every two weeks until 4 June.  

Measurements for late May 2014 were not taken because of flooding.  The water in the 

soil profile at 0.5 m was the only area of significance in the analysis of data.  The 

measurements of the entire soil water profile were used to determine irrigation amounts 

needed to bring the amount of water in the field to water-holding capacity. 

Disease severity assessment 

 Disease severity in each plot was determined using a hand-held hyperspectral 

radiometer (Ocean Optics, Dunedin, FL).  Reflectance was measured at 555 nm, in the 

yellow range of the visible light spectrum, in which low reflectance corresponds to low 

WSMV severity and high reflectance corresponds to high severity.  Readings were taken 

every two weeks, from 19 April through 23 May in 2013 and 31 March through 13 May 

in 2014, between 1100 and 1200 hours to obtain the same angle of reflectance from each 

plot.   
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Fig. 3.  Aerial map of the deficit irrigation experiment showing three replications of both 

cultivars and each water replacement in each replication at Bushland, TX.  Arrows 

indicate the location of the sample plots within each water replacement treatment. 
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Virus incidence assessment and abundance of wheat curl mite  

 All samples were taken to a laboratory for processing and analysis and treated the 

same with respect to ELISA and mite washing.  Processing samples for viruses of interest 

consisted of cutting ~0.8-1.0 g of tissue from a sample and placing it into a 2-ml screw-

cap tube with a 5-mm stainless steel bead.  Samples were stored at -80°C until ready for 

testing by ELISA.  Each tube was prepared for the ELISA test by placing it into liquid 

nitrogen for approximately one minute then onto a rack in a hard tissue homogenizer 

(VWR, 12621-164).  The samples were ground for one minute at a speed of ~1400 rpm.  

Seven hundred fifty microliters of autoclaved deionized and distilled water were added to 

each sample, then quickly mixed by a vortex mixer for two seconds.  The samples were 

tested for WSMV and TriMV by using two separate protocols.  The test for WSMV was 

done using the kit and provided protocol from Agdia®.  A modified version of the Agdia 

protocol for TriMV was used (Seifers et al. 2008).  Buffers used for ELISA were 

carbonate coating buffer for attachment of viral antigens, ECI buffer and anti-rabbit 

antibody/alkaline phosphate for conjugate antibody detection, and PNP buffer and 

substrate tabs for development (Agdia Inc., USA; Sigma Inc., USA).  An Emax Pro 

Microplate Reader (Molecular Devices, USA) was used to measure absorbance at 405 

nm.  Samples were considered positive when absorbance values were three times the 

negative for both WSMV and TriMV.   

 Mite samples were processed using the wash method previously described (Price 

et al. 2014), with a few modifications.  Samples were placed in ~30 ml of a 60% 

denatured ethanol solution with soap and mixed with a vortex mixer for one minute and 

the entire solution poured onto a black filter paper in a vacuum filtration system.  Grid 
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lines were drawn onto each filter paper with pencil to help ensure accurate counting of 

numbers of mites. The entire process was repeated with each sample to recover the 

maximum number of mites.  Mites were counted with the aid of a dissecting microscope 

at 40X magnification.  

Statistical analysis 

 In both years of the study and at each sampling date, tissue sample collections, 

neutron probe and reflectance readings were done within two to three days of one 

another.  SAS version 9.3 for Windows (SAS Institute, Cary, NC) was used to analyze 

mite numbers, neutron probe data, spectral reflectance data and virus incidence.  

Numbers of WCM over time were analyzed with repeated measures in a General Linear 

Model Procedure (α = 0.05).  Tukey’s mean separation procedure was used to distinguish 

between cultivars and water replacement treatments in relation to numbers of WCM.  

Regression analysis was used to determine the relationship between the WCM numbers, 

soil moisture content and spectral reflectance data.  A square root or log transformation 

was used whenever necessary to stabilize the variance among numbers of wheat curl 

mites.   

Greenhouse study:  impact of deficit irrigation 

 A greenhouse study evaluated the impact of deficit irrigation on abundance of 

WCM and incidence of WSMV.  The experiment was in a randomized 2 x 3 factorial 

design with two cultivars (Karl 92 and TAM 112) and three water replacement treatments 

(33, 67 and 87%).  Turface clay/sand soil mixture was placed into 1.89 L pots and 

individually weighed for an initial dry weight of 1.72 kg.  Ten seeds were planted in each 
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pot and after germination thinned to six plants per pot. One hundred fifty milliliters of 

half-strength water-soluble fertilizer were added to each pot and watered to full 

saturation.  The weight of water in each pot was calculated by the weight of full 

saturation subtracted from the dry weight.  Capacity for each pot was then determined 

from the appropriate percentage of water weight -- 33, 67 or 87%.  Once plants reached 

Feekes growth-stage 4 (Large 1954), 10 viruliferous WCM were transferred to a single 

whorl of a plant in each pot, with the exception of the non-infested checks.  Pots were 

weighed and watered to their respective water-replacement capacities every two weeks.  

Two weeks after infestation, four random tillers were collected from each pot and treated 

as a composite sample; a clipping of the first fully expanded leaf was taken from each 

tiller and processed for ELISA.  Samples were collected every two weeks for a total of 

four collections.  The leaves of each tiller were separated and collectively placed within a 

50 mL falcon tube with ~30 ml of 60% EthOH plus soap solution to wash WCM off of 

tillers for counts.  The dilution wash method by Price et al. (2014) was used to 

accommodate large amounts of WCM in a sample.  The method was modified because of 

the small amount of tissue and large numbers of WCM.  Each sample was shaken 

vigorously instead of using a vortex mixer.  This prevented the tissue from becoming 

tangled inside the tube to obtain the most accurate count of WCM.  The experiment was 

done two times in the same way.  The wheat in the first experiment was infested on 24 

January 2014, with samples collected on 11 February, 18 February, and 4 and 6 March 

2014.  Samples were collected only three times during the experiment because the plants 

had died before the time of the last collection.  The second experiment was infested on 18 
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September 2014 with samples collected on 3, 14, and 31 October, and 14 November 

2014.   

Statistical analysis 

 Data from the greenhouse experiment were analyzed using SAS version 9.3 for 

Windows (SAS Institute, Cary, NC).  WCM data were log-transformed to normalize the 

variance before analysis.  To accommodate for missing data, a Duncan’s means 

separation test was used for determining the significance of the WCM numbers among 

cultivars and water replacement treatments.  A chi-square test was used to analyze data 

on incidence of virus (presence or absence) among the cultivars and water replacement 

treatments.  All analyses were at α = 0.05.   

Results 

Field Experiment 

 During both field experiments, numbers of mites in each cultivar increased in a 

similar pattern (in most cases curvilinearly) over time within each water treatment (Figs. 

4 and 5).  However, Karl 92 had more disease over time than did TAM 112 (Figs. 6 and 

Fig. 7, respectively).  In 2013, significant differences in numbers of WCM and incidence 

of virus were found among water regimes.  Mite numbers in the 33% water replacement 

were significantly more abundant than with 67 or 100% water regimes (Fig. 8).  

However, no significant difference was detected between the 67 and 100% water 

replacement treatments.   
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Fig. 4.  Relationship between average wheat curl mite numbers per five tillers per sample 

square root transformed and each sampling date under the three water regimes on Karl 92 

wheat in 2013.   

 

 

Fig. 5.  Relationship between average wheat curl mite numbers per five tillers per sample 

square root transformed and each sampling date under the three water regimes on TAM 

112 wheat in 2013.   
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Fig. 6.  Relationship between average percentage of disease and sampling date for TAM 

112 and Karl 92 in 2013.  

 

 

Fig. 7.  Relationship between average percentage of disease and sampling date for TAM 

112 and Karl 92 in 2014.   
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Fig. 8.  Average wheat curl mite numbers per five tillers per sample square root 

transformed among soil water replacement treatments in 2013.  Bars with the same letter 

are not significantly different based on Tukey’s significant difference, α = 0.05. 
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 Trends in incidence of virus were similar to that of mite abundance; the wheat 

with 33% moisture had greater incidence of virus than did wheat with 67% moisture.  

However, no significant difference was detected between the 33 and 100% water 

treatments (Fig. 9).  Results of mite numbers for 2014 were similar to those of 2013.  

Wheat with the 33% water treatment had significantly greater mite numbers than the 67% 

(Fig. 10), but no difference was observed between the 67 and 100% treatments.   

 There was no difference in virus incidence among all water treatments in the 2014 

field study, although incidence of virus in the 33% water replacement treatment was 

greater (Fig. 11).  In 2013, WCM numbers overall were larger in TAM 112 (Fig. 12), but 

percentage of disease was larger in Karl 92 (Fig. 13).  In 2014, the numbers of mites and 

percentage of disease were significantly larger in Karl 92 (Figs. 14 and 15, respectively).  

 There was a negative correlation (R² = 0.5077; P = 0.0009) between mite numbers 

and soil water content in 2013 (Fig. 16).  As the soil water content increased, the numbers 

of mites decreased between both cultivars.  A slight but significant positive correlation 

(R² = 0.3307; P = 0.0125) was found in 2013 between soil water content and disease 

severity as measured by reflectance (Fig. 17).  As disease severity increased so did the 

soil water content, indicating that severely diseased plants were unable to utilize water.   
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Fig. 9.  Disease percentages among evapotranspiration replacement percentages in 2013.  

Bars with the same letter are not significantly different based on Tukey’s significant 

difference, α = 0.05. 

 

 

 

 

Fig. 10.  Average wheat curl mite numbers per five tillers per sample square root 

transformed among soil water replacement treatments in 2014. Bars with the same letter 

are not significantly different based on Tukey’s significant difference, α = 0.05.  
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Fig. 11.  Disease percentages among evapotranspiration replacement percentages in 2014.  

Bars with the same letter are not significantly different based on Tukey’s significant 

difference, α = 0.05.  

 

 

 

 

Fig. 12.  Average wheat curl mite numbers per five tillers per sample square root 

transformed between wheat cultivars in 2013.  Bars with the same letter are not 

significantly different based on Tukey’s significant difference, α = 0.05. 
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Fig. 13.  Disease percentages between wheat cultivars in 2013.  Bars with the same letter 

are not significantly different based on Tukey’s significant difference, α = 0.05. 

 

 

 

 

Fig. 14.  Average wheat curl mite numbers per five tillers per sample square root 

transformed among wheat cultivars in 2014.  Bars with the same letter are not 

significantly different based on Tukey’s significant difference, α = 0.05. 
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Fig. 15.  Disease percentages between wheat cultivars in 2014.  Bars with the same letter 

are not significantly different based on Tukey’s significant difference, α = 0.05. 
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Fig. 16.  Regression analysis showing relationship between the top 0.5 m of soil water 

content and wheat curl mite numbers per five tillers per sample square root transformed.  

 

 

 
 

Fig. 17.  Regression analysis showing relationship between hyperspectral reflectance and 

the top 0.5 m of soil water content.   
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Study in greenhouse 

 There was a significant increase in WCM numbers over time for both experiments 

in the greenhouse (P < 0.0001).  Water treatments had no significant impact on WCM 

numbers, however a significant difference in WCM numbers among the cultivars was 

found, with Karl 92 infested with significantly more mites than was TAM 112 (Fig. 18).  

Chi-square values for WSMV incidence among cultivars produced similar results; 

42.59% of samples in Karl 92 tested positive for virus while TAM 112 had 22.22% 

(Table 1).  Unlike the first experiment, WCM numbers were not significantly affected by 

cultivar in the second greenhouse experiment. However, numerically Karl 92 was 

infested with more WCM (Fig. 19).  Water replacement treatments were significantly 

different in TAM 112, with fewer mites in the 87% water regime, but no significant 

difference between the 33 and 67% treatments (Fig. 20).  No significance was found 

between cultivar or among water regimes with respect to WSMV incidence (P = 0.1351). 
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Fig. 18.  Average wheat curl mite numbers per five tillers per sample log transformed 

between wheat cultivars in the first deficit irrigation experiment in a greenhouse.  Bars 

with the same letter are not statistically different based on LSD, α = 0.05. 

 

Table 1.  Chi-square difference in incidence of virus among wheat cultivars in the first 

experiment in the greenhouse. 

Cultivar Percentage WSMV+ Chi-square values p-value 

Karl 92 42.59 5.1147 0.0237 

TAM 112 22.22   
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Table 2.  Chi-square differences in incidence of virus among water regimes in the first 

experiment in the greenhouse. 

Water regime Percentage 

WSMV+ 

Difference in 

regimes 

Chi square 

value 

p-value 

33% 16.67 33-67 4.4308 0.0353 

67% 38.89 67-100 0.0577 0.8101 

100% 41.67 33-100 5.4454 0.0196 

 

 

 

Fig. 19.  Average wheat curl mite numbers per five tillers per sample log transformed 

between wheat cultivars in the second deficit irrigation experiment in a greenhouse.  Bars 

with the same letter are not statistically different based on LSD, α = 0.05. 
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Fig. 20.  Average wheat curl mite numbers per five tillers per sample log transformed 

among evapotranspiration replacement percentages in the second deficit irrigation 

experiment in a greenhouse.  Bars with the same letter are not statistically different based 

on LSD, α = 0.05. 
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Conclusion 

 The primary objective of this study was to determine how deficit irrigation 

affected WCM abundance and disease development within a resistant and a susceptible 

wheat cultivar.  WCM numbers and incidence of disease increased under deficit 

irrigation, resulting in increased disease severity and increased soil water content.  This in 

turn led to reduced water-use efficiency, leaving unused water in the soil profile. 

 TAM 112 had previously been shown to have resistance to WCM and tolerance to 

WSMV in a greenhouse study (Price et al. 2014).  With the exception of the 2013 field 

experiment, where more WCM were found in the TAM 112, the results in the field and in 

the greenhouse experiment agreed with those findings.  The results from 2013 could be 

explained by the unusually large numbers of WCM over all collection dates in the two 

side-by-side blocks of TAM 112 (see Fig. 3).  Interestingly, disease was not detected in 

this area of the field until March 2013 and incidence stayed low throughout the season, 

showing that even with a large number of WCM, TAM 112 has the potential to tolerate 

WSMV under deficit irrigation more than Karl 92.    

 As expected, the numbers of WCM and incidence of WSMV increased over time 

across all water treatments and between both wheat cultivars.  As the temperatures in the 

spring months increased, coinciding with plant development, so did mite numbers and 

virus incidence (Slykhuis 1955; Thomas and Hein 2003).  Larger numbers of mites in the 
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33% water replacement treatment in the field during both years indicated that WCM had 

better reproductive capabilities in dry weather.  This also impacted incidence of virus, 

wheat with the 33% water regime having larger percentage of disease in 2013.  This 

coincides with studies on other eriophyid mites (Castagnoli and Simoni 1994; Jeppson et 

al. 1975; Slykhuis 1955).  This may explain why in years of severe drought, increased 

WSMV is observed in wheat fields throughout the western Great Plains.   
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Chapter III 

Cultivar Mixtures for Wheat Curl Mite Population and Disease Control 

Introduction 

 Wheat is one of the major crops grown in the United States, with ~13.07 million 

hectares harvested.  Average yields were 17.24 bu/hectare and the crop was valued at 

$10.3 billion (USDA 2014).  The sustainability and stability of wheat crops in the Great 

Plains region of the U.S. are constantly threatened by a variety of environmental factors, 

such as drought, insect pests and pathogens.  The wheat curl mite (WCM), Aceria 

tosichella, is one of the major pests on wheat throughout the Great Plains region.  This 

microscopic mite is the only known vector of Wheat steak mosaic virus (WSMV), which 

has been responsible for significant yield loss in the last century.   

 Single gene resistance to WSMV has been useful in the past with cultivars such as 

‘Mace’ and ‘Ron L’ (Price et al. 2014).  This concept is called vertical resistance and has 

a major disadvantage, in that the resistance can be overcome by a change in a pest over 

time (Van der Plank 1975).  Single gene resistance is often short lived, lasting only three 

to five years (de Vallavieille-Pope 2004; Harvey et al. 1997).  To reduce dependence on 

pesticides, while lowering virus incidence, implementation of multiline cultivars and 

cultivar mixtures is potentially an inexpensive way to improve disease management in 

comparison with single cultivar planting (Mundt 2002).  
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 Genetic diversity, as opposed to a monoculture, can help wheat crops resist 

specific pest and/or pathogen.  Multiline crops have a combination of near-isogenic lines 

in a single cultivar, requiring crossing and backcrossing to obtain the right composition of 

lines to improve resistance to disease.  Cultivar mixtures can be implemented by a blend 

of resistant and susceptible varieties with a goal of increasing genetic diversity within 

host plant.  When mixing a resistant with a susceptible cultivar, inoculum is diluted, 

reducing the amount of disease (Finckh et al. 2000). 

   Cultivars sown in the correct mixture percentage can introduce a natural 

horizontal resistance to a targeted disease or insect pest (Mundt 2002).  These practices 

have been evaluated to control fungal and bacterial pathogens on wheat, but viral 

pathogens have not been adequately studied (Borlaug 1953; Hariri et al. 2001; Huang et 

al. 2011).  The intention of this study was to determine the impact a mixture of a resistant 

cultivar (TAM 112) and a susceptible cultivar (TAM 111) has on the abundance of WCM 

and incidence of WSMV.  

Materials and Methods 

Field Experiments 

Experimental design and sample collection methods 

 An experiment was done on a 2.66-ha wedge under the same center pivot 

irrigation system at the Experiment Station.  A strip of susceptible Karl 92, 9 m in width, 

was planted on 23 July 2012 and 2013 along the southern edge of the pivot to ensure 

natural infestation by WCM and to serve as a point for initiation of a natural disease 

gradient.  Five mixtures of cultivars TAM 112 and TAM 111 (100% TAM 112, 100% 
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TAM 111, 50% TAM 112 and TAM 111, 25% TAM 112: 75% TAM 111, and 75% 

TAM 112: 25% TAM 111) were planted into four blocks, 9 m in width, on 26 September 

2012 and 25 September 2013 (Fig. 21).  Transects of two to three sample plots were 

placed within each mixture treatment, spaced 1.5, 32.0 or 62.5 m from the source of 

infestation.  In both growing seasons, neutron access tubes for measurements of 

volumetric water content of the soil were placed in each plot at the 1.5-m distance.  In the 

2012-2013 growing season, six flags were placed at 30.5 cm distance in a circle around 

the tube, and one individual leaf was collected from each flagged area for sampling of 

virus incidence to be tested by ELISA.  A meter-square plot was flagged four rows east 

from the neutron tube for sampling WCM abundance.  The meter-square plots at the 32- 

and 64.5-m distances were sampled for both virus incidence and WCM numbers.  Five 

tillers were randomly selected within each meter square for WCM numbers, starting at 

the southwestern corner and collecting in a diagonal to the northeastern corner.  This was 

to account for southeastern to southwestern wind direction during the spring, which was 

monitored by the on-site weather station (HOBO data logger, Bourne, MA).  Wind 

direction was averaged between collection dates to estimate the prevailing winds.  Once 

the wheat reached 10.5 on the Feekes scale, five spikes, instead of tillers, were collected 

at random for numbers of WCM.  All tissue samples were collected every two weeks, 

staring on 8 February 2013 and ending on 14 June 2013. 
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Fig. 21.  Aerial map of the wheat cultivar mixture study showing the five treatments in 

each block.  Arrows indicate the location of the sample plots within each water 

replacement treatment. 
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 Meter-square plots in the 2013-2014 growing season were adjusted at the 1.5-m 

mark to surround the neutron access tube to better estimate the mite numbers relative to 

soil moisture, because of lack of mite movement in the previous year.  Five tillers were 

taken from each meter square as during the previous year.  The flag leaf from each tiller 

was collected for ELISA and treated as a composite sample.  Samples were collected 

once each month starting on 10 March 2014 and ending on 18 June 2014.  

Virus incidence assessment and abundance of wheat curl mite  

 All samples were treated the same with respect to the ELISA and mite washing 

process.  As stated in Chapter II, all tissue samples were taken to a laboratory for 

processing and analysis.  Processing samples for virus incidence consisted of cutting 

~0.8-1.0 g of tissue from the sample and placing it into a 2-ml screw-cap tube with a 5-

mm stainless steel bead.  The samples were stored at -80°C until ready for testing by 

ELISA.  Each tube was prepared for the ELISA process by placing it into liquid nitrogen 

for approximately one minute then onto a rack in a hard tissue homogenizer (VWR, 

USA).  The samples were ground for one minute at a speed of ~1400 rpm.  Seven 

hundred fifty microliters of autoclaved deionized and distilled water was added to each 

sample and quickly mixed by using a vortex mixer for two seconds.  The samples were 

tested for both WSMV and TriMV by using two separate protocols.  The test for WSMV 

was done using a kit and protocol from Agdia®.  A modified version of the Agdia 

protocol for TriMV was used (Seifers et al. 2008).  Buffers used for ELISA were 

carbonate coating buffer for attaching viral antigens to the ELISA plate, ECI buffer for 

the anti-rabbit antibody/alkaline phosphate conjugate antibody detection mixture, and 

PNP buffer and substrate tabs used for ELISA developing  (Agdia Inc., USA; Sigma Inc., 
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USA).  Emax Pro Microplate Reader (Molecular Devices, USA) was used to measure 

absorbance at 405 nm.   Positive values were measured at an absorbance of three times 

the negative for both WSMV and TriMV.   

 All five tillers from each sample plot were processed by using the wash method 

with a few adjustments (Price et al. 2014).  Mite samples were processed by separating 

the leaves of each tiller and placing all five tillers into a 50-ml falcon tube with ~30 ml of 

a 60% denatured ethanol and 0.005% soap solution.  Wheat spikes were placed directly 

into the tube with the ethanol solution.  Samples were mixed with a vortex mixer for one 

minute and the entire solution poured onto a black filter paper in a vacuum filtration 

system; a second wash was done the same way.  The filter paper was examined with the 

aid of a dissecting microscope at 40X magnification, and the total number of WCM in the 

sample was recorded.  A pencil was used to draw grid lines onto each filter paper to help 

ensure accurate counts of the mites.  

Soil moisture content measurements and deficit irrigation 

  Soil moisture content was measured in each 1.5-m plot with a neutron moisture 

meter (Model 503DR, Campbell Pacific Nuclear Inc.) by way of the access tube.  For the 

2012-2013 growing season, measurements were taken every two weeks starting on 19 

March 2013 and ending on 11 June 2013.  The measurements for the 2013-2014 growing 

season were taken once a month starting 15 April 2014 and ended on 18 June 2014.  

Measurements for March 2014 were not taken because both machines were being 

serviced and not in May 2014 because of flooding.  The top 0.5 m of water in the soil 

profile was the only area of significant difference in the data analysis.  
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Disease severity assessment 

 Disease severity in each plot was determined using a hand-held hyperspectral 

radiometer (Ocean Optics, Dunedin, FL).  Reflectance was measured at 555 nm, in the 

yellow of the visible light spectrum, in which low reflectance indicates low WSMV 

severity and high reflectance indicates high severity.  Each reading was taken every two 

weeks between 1100 and 1200 hours to obtain the same angle of reflectance from each 

plot.   

Statistical analysis 

 Tissue sample collections, neutron probe measurements, and reflectance were 

done within two to three days of one another.  Statistical Analysis System version 9.3 for 

Windows (SAS Institute, Cary, NC) was used to analyze data on mite numbers, neutron 

probe, spectral reflectance and virus incidence.  Numbers of wheat curl mites over time 

were analyzed with repeated measures in a General Linear Model Procedure at a 

probability of α = 0.05, which was followed by means separation tests using Duncan to 

determine differences among cultivar mixtures and water treatments.  Regression models 

were used to analyze the relationship between the WCM, soil water content and spectral 

reflectance data.  Log transformation of the WCM numbers was used to stabilize the 

variance before analysis.  Chi-square was used to analyze virus incidence (present or 

absent) data among cultivar mixtures.   

Greenhouse experiment:  cultivar mixture 

 Replicated experiments were done with five seed mixtures in a randomized block 

design (100% TAM 112, 100% TAM 111, 50% TAM 112 and TAM 111, 25% TAM 
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112: 75% TAM 111, and 75% TAM 112: 25% TAM 111) in a greenhouse.  Turface 

clay/sand soil mixture was placed into 1.89 L pots, and six seeds of the appropriate 

mixture were planted into each pot.  Because the mixtures of wheat cultivars were 

planted randomly within the pots, it created a problem for replanting if the seeds did not 

germinate.  This accounted for some missing data on the first collection date of the 

second experiment.  The first experiment was planted on 5 November 2013 and each pot 

was infested with 10 viruliferous WCM when plants reached Stage 4 on the Feekes scale 

on 19 December 2013.  Two weeks after infestation, four tillers from each pot were 

collected as a composite sample for evaluating mite numbers and disease incidence.  

Samples were collected every two week beginning on 3 January 2014, for a total of four 

collections.  Because of thrips in the greenhouse at the time of the second experiment, 

each pot was covered with a sleeve of insect netting to prevent the WCM from being 

destroyed by the thrips.  The second experiment was planted in the same way on 2 

September 2014; all the seeds in four pots did not germinate and needed to be replanted 

at the time of infestation on 12 September 2014.  The four pots were infested on 25 

September 2014, which coincided with the first collection date of the study.  Data for 

these four pots were not collected on the first collection date.  Thirteen of 30 pots 

contained dying plants on the third sampling date, so data for these were not collected on 

the fourth sampling date.   

 A section from the first fully expanded leaf from each tiller in a sample was taken 

for a composite sample and tested by ELISA for verification of WSMV.  The leaves of 

each tiller were separated and collectively placed into a 50-mL falcon tube with 60% 

EthOH and soap solution for washing off the WCM to count.  The wash method for these 
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samples was modified because of the small amount of tissue.  Each sample was shaken 

vigorously instead of using a vortex mixer.  This prevented the tissue from becoming 

tangled inside the tube to obtain a more accurate count of WCM.  The dilution wash 

method by Price et al. (2014) was used to accommodate the large numbers of mites.   

Statistical analysis 

 Data for both experiments in the greenhouse were analyzed using SAS version 9.3 

for Windows.  ANOVA was found to be significant so a Duncan’s procedure was used to 

separate means of WCM numbers among cultivar mixtures.  Chi-square analysis (P = 

0.05) was used to determine differences in WSMV incidence in cultivar mixtures. 

Results 

Field study:  cultivar mixture  

 No significant relationship between soil moisture content and disease reflectance 

was found, so only WCM numbers and virus incidence were reported.  In the 2013 field 

experiment, distance-by-cultivar mixture treatment interaction and date-by-cultivar 

mixture interaction were not significant.  However, there was a significant date-by-

distance interaction and, thus distance was analyzed by each date in determining 

differences among cultivar mixtures with respect to WCM numbers (Table 3).  In the 

2014 experiment in the field, there was a significant date-by-cultivar mixture interaction 

(Table 4), and therefore the data were analyzed by date.  No significant interaction was 

found between date and distance or between distance and cultivar mixture.  Because of 

changes in the collection method for incidence of WSMV between growing seasons, the 

data were analyzed as categorical in a Chi-square model among cultivar mixtures.  No  
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Table 3.  ANOVA table for average wheat curl mite numbers per five tillers per sample 

showing significance of replication, date, distance, and date*distance interaction. 

 

Source df F P<F 

Date  6    4.78 <0.0001 

Distance  2 505.01 <0.0001 

Date*distance 12   12.79 <0.0001 

Replication  3    4.25   0.0057 

 

 

 

Table 4.  ANOVA table for numbers of wheat curl mite per five tillers per sample 

showing significance of replication, date, cultivar mixture, and date*cultivar mixture. 

Source df F  P < F 

Date*cultivar mixture 12    3.44 0.0001 

Cultivar mixture  3 101.67 0.0001 

Date   4    5.39 0.0004 

Replication  3    1.20 0.3131 
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significant difference among the cultivar mixtures was found with respect to virus 

incidence.   

 In the 2013 field experiment, a significant increase in WCM numbers was 

observed over time (Fig. 22) and distance (Fig.23).  Numbers of mites at the 1.5-m 

distance were significantly larger than at 32 or 64.5 m distance, across all cultivar 

mixtures.  There was a significant difference among the cultivar mixtures at the 32- and 

64.5-m distances in June 2013.  TAM 112 at 100% had significantly fewer mites than did 

100% TAM 111.  Although there was no significant difference between the other mixture 

percentages, numerically there was a noticeable trend in increasing mite numbers with 

decreasing percentages of TAM 112 (Fig. 24).  At the 64.5-m distance, in the late May 

2013 collection, the trend was lost, with TAM 112 at 75% having significantly fewer 

mites than any other cultivar mixture.  TAM 111 at 100% and TAM 112 at 50% were 

infested with significantly more mites than were TAM 112 at 25% or TAM 112 at 100% 

(Fig. 25).   

 In the 2014 field experiment, numbers of WCM increased significantly (P < 

0.0001) over time, with significantly more mites in June than at the other three collection 

dates (Fig. 26).  A significant difference among cultivar mixtures was observed in June 

2014 with TAM 112 at 100% having significantly smaller WCM numbers than the other 

four treatments (Fig. 27).   

Greenhouse study:  cultivar mixture  

 Mites in the first greenhouse experiment increased significantly over time (P < 

0.0001), with a substantial increase in numbers at the third and fourth collection dates 
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(Fig. 28).  No significant differences in mite numbers was found among the cultivar 

mixtures (P = 0.565), but TAM 112 100% had the lowest number and the 50/50 mixture 

had the largest number of mites.  The second experiment yielded similar results, in that 

numbers of WCM increased significantly over time (P < 0.0001), with significantly 

larger mite numbers on the last two collection dates than on the first two collection dates 

(Fig. 29).  As observed in the first experiment, there was no significant difference 

between cultivar mixtures in the second experiment with regard to WCM (P = 0.5965).  

However, numerically TAM 112 at 100% was infested with the least number of mites.  

Again, the 50/50 blend had the greatest abundance numerically, with TAM 111 at 100% 

in the middle.   
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Fig. 22.  Average wheat curl mite numbers among all cultivar mixtures per five tillers per 

sample log transformed over time in 2013.  Bars with the same letter are not significantly 

different based on Duncan’s mean separation, α = 0.05. 

 

 

 

 
 

Fig. 23.  Average wheat curl mite numbers per five tillers per sample of each wheat 

cultivar mixture over distance in 2013.  Bars with the same letter are not significantly 

different based on Duncan’s mean separation, α = 0.05. 
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Fig. 24.  Average wheat curl mite numbers per five tillers per sample among wheat 

cultivar mixtures at the 32-m distance in 2013.  Bars with the same letter are not 

significantly different based on Duncan’s mean separation, α = 0.05. 

 

 

 

 

Fig. 25.  Average wheat curl mite numbers per five tillers per sample among wheat 

cultivar mixtures at the 64.5-m distance in May 2013.  Bars with the same letter are not 

significantly different based on Duncan’s mean separation, α = 0.05. 
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Fig. 26.  Average wheat curl mite numbers per five tillers per sample among wheat 

cultivar mixtures over time in 2014.   

 

 

 

Fig. 27.  Average wheat curl mite numbers per five tillers per sample among wheat 

cultivar mixtures in 2014 June.  Bars with the same letter are not significantly different 

based on Duncan’s mean separation, α = 0.05. 
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Fig. 28.  Average wheat curl mite numbers per four tillers per sample over time in the 

first experiment with wheat cultivar mixtures in a greenhouse. 

  

 

Fig. 29.  Average wheat curl mite numbers per four tillers per sample over time in the 

second experiment of wheat cultivar mixtures in a greenhouse.   
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Conclusion 

 The purpose of this study was to determine the impact percentages of wheat 

cultivars mixtures had on the spread of WCM and incidence of WSMV.  In the field and 

greenhouse, the numbers of WCM increased significantly over time, and a significant 

decrease in the spread of WCM across the field was observed.    

 There was a lack of significant results from the greenhouse study, and the only 

significant difference found in the 2014 field experiment was TAM 112 at 100%, which 

had fewer mites than any other treatment in the collection in June.  Furthermore, no 

significant difference was found among mixtures with respect to incidence of disease.  

For this reason, results from 2013 are the only indication the cultivar mixtures had an 

effect on WCM spread.   

 Disease at the 64.5-m distance was detected first in March 2013.  This indicated 

that mites were in the area, although no mites were found at this distance until early 

April.  This may be because winds carried viruliferous WCM into this area from the 

adjacent field of volunteer wheat.  Disease spread across the field remained low until 

May 2013, by which time every plot at the 1.5-m distance from the trap strip was infected 

with WSMV, TriMV or both.  At the 32-m distance, disease was sparse and mainly 

clustered near the pivot in Block Four, as opposed to disease spread throughout the 

distance at 64.5 m, which can be explained by the influx of mites from volunteer wheat.  

Further research is needed to determine the underlying cause of virus incidence, whether 

this was caused by a sudden influx of WCM or the impact of several mite generations. 
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   Although, difference between treatments was not observed until late in the 2013 

growing season, the differences in WCM within the wheat cultivar mixtures at 32 m 

produced expected results.  Significantly fewer WCM were observed in TAM 112 at 

100%, with a noticeable trend of increasing numbers of WCM with decreasing 

percentages of TAM 112.  Even though results at 64.5 m in May 2013 showed TAM 112 

at 75% had significantly fewer WCM, there was not an observable trend in the other 

mixtures.  However, this may suggest that larger percentages of TAM 112 mixed with 

susceptible TAM 111 can help decrease wheat curl mite spread and possibly WSMV in a 

field.  This could be related to the similar findings by Hariri et al. (2001) in that a 

resistant cultivar can possibly affect disease reduction. 

 Although no significant difference was found among the cultivar mixtures with 

respect to virus incidence, the decreased spread of the WCM through the field can show 

that the dilution effect described by Castro (2001) between the two cultivars may become 

more evident in future studies.
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 Chapter IV   

General Conclusion and Discussion 

 Understanding how WCM in a wheat field reacts to environmental conditions can 

help farmers become better prepared to handle the threat of disease in their crop.  Results 

from both the deficit irrigation and cultivar mixture studies can provide basic knowledge 

for future studies on WCM control and disease pressure. 

 The deficit irrigation study provided information on how the WCM and WSMV 

responded under various irrigation levels within a resistant and a susceptible cultivar.  

Experiments in the field and greenhouse resulted in the WCM favoring the 33% water 

replacement in both cultivars.  The 2013 field study showed resistance to WSMV with 

the unusually larger numbers of WCM over all collection dates in the two side-by-side 

blocks of TAM 112 (see Fig. 3).  Even though mite numbers remained significantly 

larger in this area throughout the season, virus was not detected until March 2013 and 

disease percentages remained low.  This may indicate that at times of severe drought a 

resistant variety like TAM 112 can fare better with an abundance of WCM.  On the last 

collection date, WSMV and TriMV were detected mainly in the plots closest to the point 

source.  Only one plot at each of the other two distances was found to be infected at the 

time.  The spread of disease in the field in 2014 was not as great, with WSMV and 

TriMV detected only near the pivot and to the 1.5-m distance from the trap strip.  This 

can be explained by the low numbers of WCM found at each collection date.  The
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number of mites collected in June 2014 was much less than in June 2013, which could be 

explained by the reduction of sources of infestation from one study year to the next.   

 The relationship between the soil water content and disease severity was also 

significant in showing that in areas severely infected with WSM, there was greater 

volumetric soil water content.  This supports the findings by Price et al. (2010b) who 

showed that when wheat plants were severely infected with WSMV, the plant cannot 

efficiently take up water, leaving unused water in the soil profile.  This information could 

lead to future programs of variable-rate irrigation systems targeting healthy areas of 

wheat, while excluding already diseased areas in a field so as not to waste water.  This 

practice could help save a substantial amount of water in the future.   

 The goal for the wheat cultivar mixture experiment helped in understanding 

whether various mixture percentages decreased WCM spread and disease pressure over 

time and distance.  In 2013, the results showed a significant difference in WCM numbers 

over distances from the point source.  The greater concentrations of mites during the 

growing season remained in the areas closest to the point source.  There was an increase 

in numbers of mites from the 32-m to the 64.5-m distance, which could be explained by 

the spring winds carrying WCM from an adjacent field containing infested volunteer 

wheat.  The difference among wheat cultivar mixtures did not become apparent until the 

last collection date during both study years.  Numbers of WCM at 1.5 m from the source 

of infestation were significantly less in TAM 112 at 100% than in 25% TAM 112 in 

2013.  Although TAM 111 at 100% was not significantly different, numerically the 

numbers were greater.  A slight trend in mite numbers between mixtures at this distance 

was observed; increased percentage of TAM 112 resulted in a decrease in mite numbers.  
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However, in late May 2013 a significant difference was found between TAM 111 at 

100% and TAM 112 at 100% at the 64.5-m distance.  Although there was no clear linear 

trend among the percentages, the larger TAM 111 mixture percentages were infested with 

significantly larger numbers of mites.  This might suggest that blending a resistant 

cultivar with a susceptible cultivar would help curtail the WCM population over time.  

The effect of distance on WCM spread cannot be assumed from these results because of 

the early infestation of mites from the adjacent field.  Also, results differed in 2014 with 

the June sample only showing 100% TAM 112 infested with significantly fewer mites 

than were the other cultivar mixtures.   

 The lack of significance in virus incidence in both the field and greenhouse 

experiments should be examined separately.  The underlying causes of virus incidence 

must be evaluated to understand if greater disease incidence in pure stands is caused by a 

sudden influx of WCM or by the impact of multiple generations of mites (Mundt 2002).  

In 2013, mite numbers in the field remained small, with little to no virus detected until 

the end of the growing season.  In 2014, the amount of samples collected for virus was 

not sufficient to detect a significant difference.  Mite numbers in the greenhouse 

increased rapidly and were more than 60,000 in a single sample, and the overwhelming 

numbers resulted in large variation among samples.  

 Host resistance has been the only useful way to control the WCM, thus 

controlling the incidence of virus within a wheat field.  Using cultivar mixtures to control 

insect pests and viruses is a fairly new concept.  To determine if this method would have 

lasting benefits, the experimental deign and collection of data should be reexamined.   
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 In both experiments, the pure line of TAM 112 resulted in significantly fewer 

mites.  However, a combination of the two experiments in this paper could examine the 

response of mite populations under deficit irrigations on wheat cultivar mixtures.  This 

would further indicate methods to control the spread of WCM and disease severity in 

years of severe drought.  
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